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NOMENCLATURE 
a tube wall thickness, m 
A area, 
B turbulent flow Nusselt no. correlation constant 
c specific heat, J/kg-'C 
C fluid heat capacity rate = mc, W/'C 
D tube diameter, m 
Dh flow passage hydraulic diameter, m 
h unit conductance for convective heat transfer, W/m^-'C 
k thermal conductivity, W/m**C 
K consistency index, Pa-s" 
K' modified consistency index, Pa-s" 
L length, m 
m mass flow rate, kg/s 
n flow behavior index 
p pressure. Pa 
Pi dimensionless term 
q heat rate, W 
q" heat rate per unit area, W/m^ 
Q volumetric flow rate, m^/s 
r statistical correlation coefficient 
r radius, m 
rg radius of curvature, m 
r» radius at tube wall, m 
V 
R heat flow resistance, m^-'C/W 
RL prototype to model length ratio 
T time, s 
U overall thermal conductance, W/m^-'C 
V axial velocity, m/s 
Vj. radial velocity, m/s 
X axial or horizontal coordinate 
y vertical coordinate 
vi 
Greek Symbols 
a thermal diffusivity, m^/s 
P angle of auger rotation 
Y angular displacement 
Shear rate, s~^ 
5 hydrodynamic boundary layer thickness, m 
5^ thermal boundary layer thickness, m 
e heat exchanger effectiveness 
C ratio of thermal to hydrodynamic boundary layer 
thickness 
9 temperature, 'C 
|I viscosity, Pa-s 
M-a apparent viscosity, Pa-s 
jig effective viscosity, Pa-s 
p density, kg/m^ 
X shear stress. Pa 
Xj-x shear stress in x direction on surface normal to r, Pa 
Xyj(. shear stress in x direction on surface normal to y, Pa 
(j) indicates "function of" 
CO rotational speed, s"^ 
vii 
Dimensionless numbers 
De Dean number. Re Vr/r^ 
N^u Number of transfer units, UA/mc 
Nu Nusselt number, hD/k 
NUg Nusselt number in curved pipe 
NUg Nusselt number in straight pipe 
Re Reynolds number, pvD/^l 
Reg Generalized Reynolds number, pvD/^g 
Pr Prandtl number 
Subscripts 
b bulk, or mean, temperature 
c cold side, or cold fluid 
f indicates fouling of heat exchange surface 
h hot side, or hot fluid 
m mean temperature or velocity 
mo model 
pr prototype 
r radial coordinate 
w indicates conditions at wall (fluid boundary) 
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INTRODUCTION 
Preamble 
Bacterial digestion of organic matter occurs naturally in 
anaerobic conditions under proper temperatures. The study, 
control and use of anaerobic digestion for stabilization of 
sewage sludges is well-developed (McCarty, 1964a,b,c,d) and is 
readily available for treatment of organic waste. This 
treatment process is particularly applicable to municipal 
sludges and some industrial wastes, and also livestock manure. 
Not only does anaerobic digestion stabilize waste, it also 
produces "biogas," the primary components of which are methane 
and carbon dioxide in approximate percentages of 60 and 40, 
respectively. Biogas is a usable fuel; it can be used for 
essentially the same purpose as pipeline grade natural gas 
although biogas has an energy density approximately 60% of 
natural gas and provision must be made for higher fuel mass 
flow rates. 
To a large extent, anaerobic digestion technology is 
transferable from municipal and industrial waste treatment to 
livestock waste treatment with only a few technical 
constraints (Smith, 1980) unique to livestock waste (the main 
one of which is the requirement of dilution water to prevent 
ammonia toxicity). There are many aspects of anaerobic 
digestion of wastes under study (Dague, 1981). Much of this 
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research and development is related to biochemistry and to 
methods of enhancement of the biological digestion process. 
The research focus herein is in the broad area of energy 
requirements for controlled anaerobic digestion and 
specifically addresses the potential for reducing digester 
operation energy demands through use of digester effluent to 
influent heat exchange. 
Statement of Problem 
It is well-known (Dague, 1981) that temperature control 
in the digestion process is very important and current 
research and existing digesters operate with this constraint. 
Research (McCarty, 1964d) has shown that there are two known 
optimum temperatures for anaerobic digestion, depending on 
type of bacteria utilized in the process. Optimum temperature 
for mesophilic anaerobic bacteria is 35*C and, representing an 
alternative design, thermophilic bacteria function best at 
55*C. Digester operation more than a few degrees from the 
optimum has an inhibitory effect on the bacteria involved; 
digester design necessarily, then, includes strict temperature 
control. Digester influent must be brought up to design 
temperature (35'C or 55'C) and the digester contents must be 
maintained at that temperature. It should be noted that, 
unlike aerobic oxidation (or digestion), anaerobic digestion 
yields relatively little energy to the microorganisms, i.e.. 
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bacterial growth is low. The major portion of the degradable 
waste is converted to methane gas rather than bacterial cell 
mass (McCarty, 1964a). This is an asset in that methane is a 
useable fuel, but it also means that there is essentially no 
heat produced by bacterial respiration, and therefore, heat 
required must be supplied extrinsically. 
Although anaerobic digestion is well-suited for treatment 
of livestock waste, implementation of the process on existing 
livestock and poultry operations is nearly non-existent. 
Probably the main reason for reluctance by the livestock and 
poultry industry to implement anaerobic digestion of wastes is 
economic. Return on investing in controlled anaerobic 
digestion of livestock or poultry waste is viewed as 
potentially very low, if not actually negative, by most 
managers of livestock and poultry production facilities. 
Additionally, traditional methods of livestock and poultry 
waste management were minimal in scope, e.g., waste was 
allowed to accumulate and then transported to cropland when 
time was available. This was generally within the set of 
values accepted by society. Animal population densities were 
low enough that people did not object to the waste management 
systems employed by livestock and poultry operators. This 
"tradition" of ignoring or minimizing waste handling on 
livestock and poultry systems is well-established and not 
easily changed. The trend in modern livestock systems, 
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however, is towards larger numbers of animals per production 
unit with resulting large amounts of waste production. Mass 
of manure excreted per day per 454 kg (1000 lb) liveweight 
varies from 18 to 40 kg (ASAE Data: ASAE 0384, 1982); as an 
example, 5000 head of beef cattle at an average weight of 
360 kg (800 lb) will produce approximately 109,000 kg of waste 
per day. This amount of waste is not easily ignored, either 
by the producer or by society; pressures exist, then for waste 
management systems which will provide air and water pollution 
control. 
Acceptance and subsequent use of anaerobic digestion for 
livestock waste treatment may very well depend on development 
of energy efficient digesters, and the existing municipal/ 
industrial waste treatment industry may also profit from such 
enhanced efficiency. 
To illustrate the potential for increasing digester 
operational efficiency through effluent-influent heat 
exchange, data from two anaerobic digesters are presented in 
Tables 1, 2, and 3. Data in Tables 1 and 2 are from a 
digester treating municipal/industrial wastes and Table 3 data 
are from a digester treating beef cattle manure. 
The digester at the ISU Beef Nutrition Farm was fully 
instrumented to allow monitoring of all operational energy 
inputs. Table 3 shows that digester heating is clearly the 
dominant consumer of energy. It should be noted that other 
5 
Table 1. Data from anaerobic digester^ operation at the Waste 
Water Pollution Control Plant , Ames, lowab 
Average temperatures, ' C 
Average daily % solids 
Month/yr inflow, liters inflow digester in inflow 
Jan 1984 76,742 10.6 35.0 3.36 
Feb 73,240 11.7 33.9 3.80 
Mar 68,694 10.6 33.3 3.53 
Apr 69,269 11.7 33.9 3.72 
May 60,173 13.3 35.0 4.01 
Jun 59, 965 16.7 36.1 4.83 
Jul 63,758 19.4 35.6 4.01 
Aug 67,490 21.1 37 .8 3.76 
Sep 86,981 20.6 37.2 3.44 
Oct 86,542 18.9 36.7 3.38 
Nov 79,172 15.6 35.0 3.22 
Dec 71,980 13.3 34.4 3.09 
Jan 1985 73,975 9.4 31.7 3.27 
Feb 80,584 8.9 31.1 3.32 
Mar 69,599 11.7 31.1 3.47 
Apr 77,794 13.3 31.1 3.58 
May 77,010 16.6 30.0 3.28 
Jun 66,275 17.8 38.3 3.25 
Jul 72,915 20.0 36.1 3.23 
Aug 75,299 20.6 32.8 3.49 
Sep 83,147 20.6 35. 6 3.27 
Oct 80,784 18.3 36.1 3.44 
^Data presented are for the primary digester and are from 
the Ames Waste Water Treatment Plant, Iowa Operational Permit 
System Monthly Monitoring Report. 
^Population of Ames, Iowa in 1980 Census = 45,775. 
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Table 2. Energy use required to raise digester influent to 
digester design temperature of 35*C at Ames Water 
Pollution Control Plant 
Year : 1984 1985 
Month 
Heating 
rate 
kW Month 
Heating 
rate 
kW 
Jan 
Feb 
Mar 
Apr 
May 
90.6 
8 2 . 6  
8 1 . 1  
78.1 
63.2 
Jun 
Jul 
Aug 
Sep 
Oct 
53. 
48, 
45, 
60, 
67, 
Nov 
Dec 
74 
75 
,3 
. 6  
Jan 
Feb 
Mar 
Apr 
May 
Jun 
Jul 
Aug 
Sep 
Oct 
91.6 
1 0 1 . 8  
78.5 
81.7 
6 8 . 6  
55, 
52 
52 
57 
65.3 
q = mcA0, where A0 = 35'G - inflow temperature; 
c = 4180 J/kg**C; and m = pQ, where p = 1000 kg/m^. 
digesters may have different waste transport, mixing and 
heating systems; however, the ratio of digester heating rate 
to total energy use rate presented in Table 3 is believed to 
be typical. Energy expended on heating the digester at the 
Ames Water Pollution Control Plant is not recorded, but that 
required to heat the inflow to digester design temperature is 
obtained through the energy equation 
q = mcA0 (1) 
Table 3. Energy use rate requirements for anaerobic digester at the Iowa State 
University Beef Nutrition Farm, Ames, Iowa (Li, 1985) 
Average Energy Use Rate, kw 
Time Period Waste Transport 
(1984) Barn to digester 
Feb 18 - Mar 18 0.038 
Mar 19 - Apr 17 0.035 
Apr 18 - May 17 0.061 
May 18 - Jun 16 0.054 
Jun 17 - Jul 16 0.058 
Jul 17 - Aug 15 0.058 
Aug 16 — Sep 14 0.051 
Sep 15 - Oct 14 0.051 
Oct 15 - Oct 31 0.020 
Digester Digester Digester 
Discharge Heating Mixing 
0.006 5.438 0.245 
0.010 4.286 0.204 
0.020 4.829 0.240 
0.028 4.608 0.304 
0.026 3.916 0.363 
0.021 3.228 0.358 
0.016 3.769 0.377 
0.014 3.796 0.333 
0.006 3.644 0.354 
Digester Heating 
% of Total 
95.0 
94.5 
93.8 
92.3 
89.8 
8 8 . 1  
89.5 
90.5 
90.6 
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and is listed in Table 2. Operating data from these digesters 
show that digester heating energy requirements are very large 
relative to other energy requirements. Furthermore, heat rate 
considerations show that of the energy needed to raise 
influent to digester operating temperature and the energy 
needed to maintain digester contents at design temperature, 
the energy to raise influent temperature is significantly 
larger. For example, see Table 4 which presents hypothetical 
heat demands of the ISU Beef Nutrition Farm digester. 
Two points are pertinent regarding Table 4. First, 
digester heat loss can be reduced from that shown simply by 
increasing insulation, and second, although municipal digester 
influent may seldom reach near freezing temperatures (as 
evidenced from data in Table 1), waste from "open front" 
livestock confinement buildings may be only a few degrees 
above freezing. Thus, it is quite apparent that in properly 
designed digesters, influent heat demands predominate and can 
be expected to be even more pronounced in digesters treating 
livestock waste. 
In anaerobic digestion, reduction of the supplemental 
heat demand will significantly improve the energy balance. 
Motivation for reducing this demand is thus established and 
digester operational characteristics are such that an effluent 
to influent heat exchanger is well-suited to bring about a 
reduction in heat demand. 
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Table 4. Estimated demand for heat-anaerobic digester at the 
ISU Beef Nutrition Farm 
Outside Digester Influent Influent 
Temperature heat loss® Temperature heat demand^ 
•c kW •c kW 
10 0.564 20 2.465 
0 0 .789 15 3.288 
-10 1.015 10 4.110 
-20 1.240 5 4.932 
-30 1.466 1 5.589 
^Digester heat loss calculated based on the heat transfer 
rate equation q = UAA0 where 
U = 0.284 W/m2-*0(0.05 BTU/hr-ft2 • °F) 
A = 7 9.4 m2, and 
AG = 35 - outside temperature in degrees Celsius. 
^Influent heat demand calculated based on the energy 
equation q = mcA0, where 
c = 4180 J/kg-'C, 
A0 = 35 - influent temperature in degrees 
Celsius, and 
m = 0.0393 kg/s based on estimated manure 
production from 50 head of beef cattle plus 
required dilution water. 
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OBJECTIVES 
The design requirement for a heat exchanger is 
deceptively simple, it being the separation of two fluids at 
different temperatures by a solid wall with resulting transfer 
of heat from the hot fluid through the wall to the cold fluid. 
The transfer process includes both convective and conductive 
mechanisms as shown in Figure 1. Heat flow from the hot fluid 
to one surface of the wall by convection, through the wall by 
conduction, and from the other wall surface to the cold fluid 
by convection. From the conduction and convection rate 
equations, it is known that the rate of heat transfer is 
proportional to temperature difference, analogous to 
electrical current flow being proportional to voltage 
difference. This suggests that the overall resistance to heat 
flow through a series of "resistors" is simply the sum of the 
resistances and the driving force for heat transfer is the 
overall temperature difference, e.g., 0h~0c Figure 1. 
Note that total resistance can become larger through the 
growth of scale or biological slime layers on the wall 
surface. This is known as fouling (Epstein, 1978) and the 
fouling deposit is almost always of large thermal resistance 
compared to that of the wall. Fouling results in the addition 
of two additional series resistors in Figure 1, Rf,h and Rf,c' 
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Temperature distribution 
Hot 
fluid 
Scale- i 
S \ 
f 
I 
•Scale 
Cold 
fluid 
Equivalent Thermal Circuit 
"^^rWV—Wv—WV—Wv—WV~ 
Rl R; «3 "^ 4 "^ 5 
Figure 1. Heat transfer through a plane wall 
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The overall thermal resistance, R, in heat exchanger 
applications can be considered as having the following series 
components : 
1) a hot fluid side film-convection component, 
2) a wall conduction component, 
3) a cold fluid side film-convection component, and 
4) fouling factors to allow for scale or biological 
slime buildup. 
The equivalent thermal circuit for this is shown in Figure 1. 
The equation expressing this idea, and ignoring for the moment 
possible differences in heat transfer surface area for the hot 
and cold fluids, is: 
- 5 -1 " t " ' ïïT 
where U is overall heat exchanger conductance, h^ and h^ are 
hot and cold side fluid conductances, respectively, k is wall 
thermal conductivity, a is wall thickness, and Rf^h and Rf,c 
are hot side and cold side fouling factors, respectively. The 
expression for heat transfer is the rate equation 
q = UAA0 . (3) 
The convective film coefficients h^ and h^ are complex 
functions of surface geometry, fluid properties and flow 
conditions. The wall conductance term is a function of wall 
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thickness, a, and thermal conductance of wall material, k. 
These conductances are an inherent part of the heat transfer 
phenomenon in heat exchangers. The fouling resistance terms, 
and Rf^c are initially absent, but with ongoing heat 
exchanger operation may in time build up to the point where 
heat exchanger efficiency is severely impaired. 
The objective of this research is to find a method to 
increase the amount of heat transferred from anaerobic 
digester effluent to the influent. From the rate equation. 
Equation 3, note that this can be accomplished by increasing 
either U, A, or both. Increasing the area results in a 
physically larger heat exchanger which may be objectionable 
both from the space/weight and construction cost viewpoint, 
and for that reason emphasis is placed on increasing U. It is 
apparent that any increase in h^, h^, and k, or reduction in 
Rf,h and Rf^c will bring about the desired increase in U. The 
work herein is directed at constructing a model heat exchanger 
which attempts to increase h^ and h^ under operation with waste 
stream fluids, measuring the model heat exchanger performance, 
and finally predicting prototype performance. 
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PROCEDURES 
Selection of Heat Exchanger Type 
There are several types of heat exchangers with potential 
for use when both the hot and cold fluids are liquids. 
Incropera and DeWitt (1981) suggest concentric-tube and shell-
and-tube heat exchangers and Kays and London (1964) 
additionally discuss multipass mixed flow heat exchangers. 
Figure 2 shows these heat exchanger types. Because of the 
solids content in wastewater liquids, whether the waste liquid 
is municipal, industrial or agricultural in origin, a heat 
exchanger operating with these waste streams must allow for 
passage of small solid particles, fibrous material, and other 
debris. Despite comminution and grit removal, such material 
remains in municipal and industrial waste. Livestock waste 
typically receives little or no solids removal; it therefore 
also contains high solids content. In fact, it would be 
counterproductive from the anaerobic waste treatment 
standpoint to remove a high percentage of solids from 
livestock waste for it is organic solids which are the 
substrate for the digestion process. Smith et al. (1983), 
with respect to potential use with livestock waste, conclude 
that the constraint imposed by solids content in heat 
exchangers removes from consideration shell-and-tube heat 
exchangers and exchangers with very small fluid flow ducts. 
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Concentric-tube 
m. m. 
parallel flow 
• X V- TTl 5-*- m. 
counter flow 
m. m. 
m, ih^  Shell and tube h c 
a 
^h 
Multipass Mixed Tank 
Figure 2. Types of heat exchangers 
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In fact, previous research (Coppinger et al., 197 9) has shown 
a shell-and-tube heat exchanger designed for use with dairy 
cattle manure exhibited plugging of flow passages on a 
recurring basis. 
Greiner and Smith (1980) studied the multipass mixed tank 
concept and suggested that it will function with waste sludges 
as the operating fluids, and with five passes yield a 
theoretical heat transfer effectiveness of 0.69. 
The concentric-tube heat exchanger is advantageous from 
the standpoint of treatment plant hydraulic system design in 
that it would represent little more than already required 
influent and effluent pipes. However, as Smith et al. (1983) 
point out, tubes may necessarily be quite long to achieve 
adequate efficiency and the problem of plugging which plagues 
other heat exchanger types when used with waste sludges is 
possible, especially if the tubes are relatively small and 
flow is intermittent. If it is possible to effect a type of 
agitation or "turbulence promotion" within the flow passages 
of the concentric tubes, the liability of plugging would be 
positively addressed and also, enhanced heat transfer 
associated with turbulent flow would be probable. It is 
proposed that by use of augers, both in the interior tube and 
the annulus, such agitation might be achieved. Note that a 
concentric-tube heat exchanger, with or without augers, 
represents a multi-pass heat exchanger with an infinite number 
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of passes. For reasons, then, of perceived superiority with 
respect to overall plant system layout and to inherent heat 
transfer efficiency superiority, the concentric-tube heat 
exchanger with augers in the flow passages is chosen for 
study. Figure 3 and photographs 1 through 4 show the heat 
exchanger as built. 
The augers were built in the Engineering Research 
Institute Machine Shop on the Iowa State University campus. 
A numerically controlled vertical mill was used to build the 
augers to desired dimensions; the inner auger was milled from 
a solid rod of Lexan plastic and the outer auger was milled 
from a thick-walled pipe of UHMW plastic. As shown in 
Figure 3, the inner auger extended through the entire length 
of the heat exchanger and operating torque is applied to the 
end of the auger at the cold fluid outlet. Operating torque 
is applied to the outer auger by rotating a 1.05 m section of 
the 50 mm PVC pipe to which the outer auger is secured. Pipe 
rotation is achieved by a chain linking a sprocket affixed to 
the 1.05 m pipe section to a drive sprocket on a right-angle 
speed reducer powered by a 0.2 kW dc variable speed motor. 
This rotating length of pipe and auger assembly was coupled to 
the non-rotating ends of the two inch pipe. To accommodate 
rotation in the couplings, matching grooves were turned with a 
lathe on the inside surface of the coupling and on the outside 
surface of the rotating section of the 50 mm pipe. A rubber 
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Photograph 1. Instrument-side view of model heat exchanger 
Photograph 2. Back-side view of model heat exchanger 
Photograph 3. Sprocket drive on model heat exchanger 
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Photograph 4. View of motor controls, thermocouple 
selector, and digital readout 
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0-ring seal was inserted in the groove on the pipe and the 
coupling was pushed onto the pipe resulting in a non-leaking 
rotating coupling. 
A construction detail not significant in the function of 
the heat exchanger, and hence not shown in Figure 3, is the 
piping used to transport liquids to and from the heat 
exchanger. Tygon tubes, 20 mm in diameter, with appropriate 
couplings, were used at both the inlet and outlet ends of the 
outer pipe (hot liquid) and inner pipe (cold liquid). 
Method of Analysis 
Determination of effectiveness 
A method of measuring heat exchanger performance is to 
determine the effectiveness, e, of heat exchangers (Kays and 
London, 1964) . e is defined as the ratio of actual heat 
transferred, q, to the thermodynamically limited maximum, q^axf 
i.e., 
Ê = q/q^ax • (^) 
Parameters relating to q and q^ax (and hence, £) are: 
U = overall conductance, W/m^"C 
A = area on which U is based, m^ 
®h,in ~ heat exchanger hot-fluid inlet 
temperature, 'C 
®h,out ~ heat exchanger hot-fluid outlet 
temperature, *C 
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®c,in ~ heat exchanger cold-fluid inlet 
temperature, *C 
8c,out ~ heat exchanger cold-fluid outlet 
temperature, "C 
Ch = hot fluid heat capacity rate, W/*C 
Cg = cold fluid heat capacity rate, W/'C 
flow arrangement = in this case either counter-
flow or parallel flow. 
The interrelation of these parameters provides basis for 
developing expressions for e. The rate equation 
dq/dA = U (0h - 0c) (5) 
where dq/dA is heat flux per unit area at a section in the 
heat exchanger where temperature difference between hot and 
cold fluids is 0^ - 6c/ must be combined with the energy 
equation 
q= Cc(0c,out ~ ®c,in) ( 
= Ch(0h,in - 9h,out) ("7) 
in order to relate the variables listed above. Note that the 
energy equation assumes gain of enthalpy of cold fluid = loss 
of enthalpy of hot fluid, an assumption closely approximated 
24 
through use of exterior insulation on the heat exchanger. 
Relationships between above variables and their contribution 
to e is most clearly made by grouping variables into 
dimensionless parameters. First, note that e is dimensionless. 
Then, J A UdA/Cmin = is selected as a dimensionless variable. 
In the present case, A is independent of pipe length'and U is 
considered constant (Kays and London, 1964), also independent 
of pipe length, and the second dimensionless variable becomes 
UA/Cmin« UA/Cn,in is called the number of transfer units (N^u) 
and is the ratio of the heat transfer rate per degree of 
average temperature difference between the fluids to the heat 
transfer rate per degree temperature change for the fluid of 
minimum heat capacity rate. A third dimensionless variable is 
the capacity rate ratio, C^in/Cmax- In general, it is possible 
to express e as a function of N^u, Cmin/Cmax and the flow 
arrangement (Kays and London, 1964). 
e = <l)(Ntu, Cmin/Cmaxf flow arrangement) . (8) 
The operating characteristics of anaerobic digesters are 
such that mass liquid outflow = mass liquid inflow, i.e., a 
very low percentage of the total mass liquid inflow is 
converted to gas and lost from the system. For example, 
considering typical total solids (TS) concentration of 
digester influent of 4.0%, 80% of TS are volatile solids (VS), 
and 50% of VS are destroyed in digestion process, outflow 
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liquid mass is 98.4% of inflow liquid mass. Furthermore, 
specific heats of digester influent and effluent are 
considered equal to that of water, an assumption based on the 
fact that the solids contents are quite low. This means that 
Ntu = UA/Cq = UA/Ch/ Cmin/Cmax = 1 - 0 and E = and flow 
arrangement). Kays and London (1964) have developed 
expressions for e for counterflow and parallel flow heat 
exchangers. For the present case of Cmin/Cmax = 1 : 
counter flow: e = Ntu/fl+N^u) (9) 
and 
parallel flow e = (l-e~2N^^)/2 . (10) 
Evaluation of efrom these expressions clearly shows that 
counterflow is the superior flow arrangement. 
The effectiveness relationships are very useful in that a 
compact graphical representation of exchanger performance is 
obtained. Also, the manner in which the heat transfer area 
and overall conductance enter into the N^u expression 
emphasizes the costs of realizing large N^-u, and hence, e, in 
terms of cost, space, heat exchanger weight, or in increased 
flow friction power required to obtain higher conductance, U. 
Figure 4 is graph of e vs Ntù for the heat exchanger and flow 
arrangement under consideration. 
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Motivation for the previously stated objective of 
prediction of prototype performance is the attempt to find a 
way to improve a large-scale process. Laboratory analysis of 
the means of achieving this improvement (heat exchanger) 
should yield information applicable to the process as it 
exists in working prototype conditions. From principles of 
similitude (Johnstone and Thring, 1957) a physical model can 
be built, its performance measured and prototype performance 
predicted. Such experimentation is not necessarily 
appropriate for all engineering processes, especially those in 
which mathematical modeling, either analytical or numerical, 
is possible. Complex relationship between fluid mechanics and 
heat transfer renders mathematical modelling in this study 
very difficult at best. For that reason, a physical model 
study is undertaken from which prototype performance is 
predicted. 
Heat transfer occurring in the heat exchanger consists of 
forced convection in each of the fluid flow passages and by 
conduction through the inner pipe wall. The general equation 
expressing this is Equation 2. If the overall conductance, U, 
is based on the inside area of the inner pipe and we ignore 
fouling factors, the expression becomes: 
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U 
1 . Ce L rh , Ce 1 
r— + -1 xn + r— 
h c  k  w  ^  c  C h  h h  
(11) 
Substituting values for the middle term of the denominator 
(which term represents heat flow resistance due to pipe wall 
thickness) yields 3.02 6xl0~®m2 •'C/W. This is much less than 
1/hc or 1/hh and can therefore be ignored. Overall 
conductance, can thus be written 
1 
he r h he 
substituting values for r^ and r^ yields 
1 
U = 
1 0.9091 
— + 
he h h 
Recall that U was assumed constant with respect to axial 
location; then equals UA/mC. From Equation 13, h^ and h^ 
are also independent of axial location; conditions strictly 
true only under fully developed hydrodynamic and thermal 
conditions (Incropera and DeWitt, 1981). 
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This assumption allows straightforward prediction of 
prototype N^-u and hence, prototype heat exchanger performance 
by applying principles of similitude using dimensional 
analysis techniques. 
Variables affecting unit conductance for convective heat 
transfer in smooth pipe turbulent flow are found in Table 5. 
Table 5. Smooth pipe turbulent flow heat transfer variables 
Variable Units Dimension 
k—fluid thermal conductivity W/m-'C F/T9 
jl—fluid viscosity N-S/mZ FT/L2 
c—fluid specific heat J/kg-"C L2T2/0 
p—fluid density kg/m3 FT2/L4 
V—fluid flow velocity m/s L/T 
D—pipe diameter m L 
h—unit conductance W/m2."C F/TL0 
From Buckingham's theorem (Johnstone and Thring, 1957), the 
difference between number of variables and number of 
dimensions gives the required number of dimensionless terms 
(Pi terms) for a complete set, i.e., a set of Pi terms which 
in functional form completely describes the phenomenon. In 
this case, there are 7 variables and 4 dimensions. Thus, 3 Pi 
terms are sufficient to complete the set. The Pi terms are: 
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Pil = hD/k 
Pi2 = pvD/|l 
Pig = |lc/k 
Pil, Pizf and Pig are recognized as Nusselt (Nu), Reynolds (Re) 
and Prandtl (Pr) numbers, respectively. We can write: 
Nu = (|)(Re, Pr) (14) 
At this this point, the form of the function (J) and any 
numerical constants is unknown. The form is not needed, 
however, for prediction at prototype Nu. It is only necessary 
that Re and Pr in the model and prototype be equal and 
equality of Nu in model and prototype results. Then we can 
write (Nu)mo = (Nu)pj.. The above is based on turbulent flow; 
for laminar flow it is known (Kays and London, 1964) that Nu 
is independent of v, p, c, and |I, as energy transport consists 
only of molecular conduction. In laminar fully developed 
flow, then, Nu = constant, e.g., in a Newtonian fluid with 
fully developed thermal and hydrodynamic conditions in 
circular tube flow constant surface heat flux, Nu = 4.36. 
This may be obtained theoretically. See Appendix B. 
Equality of Nu between model and prototype under laminar 
fully developed equations is obtained by definition; under 
turbulent fully developed conditions equality of Re and Pr 
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yields equal Nu. In either case, equal Nu means that 
prototype unit conductance, h, is linearly dependent on 
prototype to model geometry scale, assuming fluid thermal 
conductivity similarity, i.e., 
Dmo 
hpr - h mo— (15) 
D pr 
From Equation 13 we can write 
D tno 
U pr ~ Umo— (16) 
D pr 
For simplicity, let the prototype to model length ratio be 
called R l. Then, Upj. = Uj^o/R^. Recall that e = (N^-u) / d+Ntu) 
for the heat exchanger under study and that N^u = UA/mc. The 
relationship between (Nt.u)ino (Ntu)pr requires determination 
of prototype to model ratios for A and mc. Apj. is equal to 
Rl^Aj^o' (rôc)pj. = R^ (mc) assuming dynamic similarity and fluid 
property similarity. Dynamic similarity is already required 
for turbulent flow; it is now added as a requirement for 
laminar flow. For systems of geometric and fluid physical 
property similarity (homologous systems) and also of dynamic 
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similarity/ the prediction equation for N^-u using the above 
ratios is 
(Ntu)pr = (17) 
Thus, Ntu of the prototype is equal to N^-u of model and hence, 
effectiveness of model is effectiveness of the prototype, for 
homologous systems under conditions of dynamic similarity; 
that is, Epi- = 8^,0. Note that for laminar flow, where Nu = 
constant and hence, NUpj. = NUmo, independent of Re, prototype 
effectiveness in homologous systems can be easily predicted, 
even without dynamic similarity. The prototype to model ratio 
of overall conductance (Equation 16) holds, and with Upj. thus 
predictable from model data, prototype N-^u is easily 
calculated as 
Upr Apr 
(Ntu) = — (18) 
pr (mc) pr 
Viscometry 
Recall that heat exchanger effectiveness is dependent on 
unit conductances hg and h^ and that fluid properties affect 
unit conductances. Waste stream liquids such as digester 
influent and effluent possess properties unique to the 
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quantity and quality of solids present. The quantity of 
solids is relatively low in digester effluent and influent; 
for that reason thermal conductivity, k, specific heat, c, and 
density, p of waste streams under study are assumed equal to 
water. Viscosity, p., of waste slurries, however, is usually 
significantly different than that of water. In fact, 
theological studies by Hashimoto and Chen (197 6) and Behn 
(1962), among others, show that waste slurries, or sludges, 
are non-Newtonian, i.e., the shear stress, T, is not directly 
proportional to the velocity gradient (sometimes called shear 
rate) dv/dr. Recall that for Newtonian fluids, z is directly 
proportional to velocity gradient and the proportionality 
constant is viscosity, [X. The expression describing this is 
X = (19) 
dy 
By analogy with strain on elastic solids, dv/dy = dy/dt = 
y (see Appendix B). Non-Newtonian fluids exhibit a flow curve 
(X vs. y) which is not linear through the origin. The study of 
these fluids is quite extensive (Skelland, 1967) and several 
types of non-Newtonian flow, with mathematical models, are 
known. Figure 5 shows typical flow curves for time-
independent fluids, i.e., fluids for which shear stress is 
independent of duration of shear rate. Rheological studies 
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mentioned above indicate that waste slurries are non-Newtonian 
and either time-independent pseudoplastic or Bingham plastic 
fluids. Although studies such as these by Babbitt and 
Caldwell (1939) and Sirman (1960) indicate presence of a yield 
stress, and hence Bingham plastic flow, in sewage sludges, 
many others including Hashimoto and Chen (197 6) and Behn 
(1962) use the pseudoplastic model. 
This study assumes a time-independent pseudoplastic 
model, for reasons that it seems to dominate in the literature 
on waste slurry rheology, and that it can closely approximate 
Bingham plastic behavior. 
Bingham plastic 
pseudoplastic 
Newtonian 
plastics with a yield stress 
and a nonlinear flow curve 
Shear rate, y 
Figure 5. Flow curves on arithmetic coordinates for various 
types of time-independent fluid 
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The expression describing relationship between x and y for 
pseudoplastic fluids is 
X = K-y" (20) 
where K is the consistency index and n is the flow behavior 
index (n < 1). Thus, a pseudoplastic fluid exhibits "shear 
thinning," i.e., the greater the shear rate, the smaller the 
rate of change of x with respect toy. In equation form, this 
can be shown by rearranging Equation 20 above to yield 
/'\n-l . 
x  =  k ( y )  y .  ( 2 1 )  
K("jr)n-1 j_3 customarily called the apparent viscosity, jig, 
(Skelland, 1967) of a pseudoplastic fluid and jig decreases with 
increasing shear rate (recall that n < 1 for pseudoplastic 
fluids). Note that a Newtonian fluid may be described by 
Equation 20 with n = 1.0 and K = = the actual viscosity, |l. 
Pseudoplastic fluids are in a class of non-Newtonian fluids 
called power law fluids. The apparent viscosity provides an 
intuitive understanding of the behavior of power law fluids; 
however, a type of viscosity is needed which can be used in a 
manner similar to Newtonian fluid viscosity, e.g., in Reynolds 
numbers. 
It can be shown, (see Appendix B) that the relationship 
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between flow rate, Q, and shear stress at the wall, in 
laminar flow of a Newtonian fluid in a tube of diameter D, 
length L, and flow velocity v can be expressed as 
t„ = }i8v/D (22) 
or 
DAp/4L = |l8v/D . (23) 
These are alternative forms of the familiar Poiseuille 
Equation (White, 1974) and |I is thus defined by x^/ (Zv/D) . A 
type of viscosity for use in pseudoplastic flow analysis is 
defined as "effective viscosity," [Ig, and is equal to X^/(Zv/D) 
as per Newtonian fluids. Effective viscosity, [ig, is that 
viscosity which makes Poiseuille's equation fit any set of 
laminar flow conditions for time-independent fluids. A plot 
on logarithmic coordinates of DAp/4L as the ordinate and 
(8v/D) as the abscissa for a power law fluid will result in a 
straight line. The equation used to express this is 
T„ = K'(8v/D)n (24) 
where K' is a proportionality constant with units of Pa-s". K' 
is seen to be the value of x„ at (8v/D) = 1 and n is the 
geometric slope of the line. Since fig is 'tv,/(8v/D), we can 
write from Equation 24 
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He = K'(8v/D)n-l (25) 
which is a convenient form for determining jig at a given flow 
rate for a pseudoplastic fluid of known K' and n. Other 
expressions relating important variables in power law fluid 
flow are 
See Appendix B for derivations of Equations 26 and 27. 
Experimental determination of |Iq for influents and 
effluents at the Iowa State University Beef Nutrition Farm and 
the Ames Wastewater Treatment Plant digesters was done by the 
above procedure. Equipment used consisted of tubes with large 
L to D ratios, graduated cylinder, positive displacement pump, 
propeller mixer, manometer with scale, water heater, 
circulation pump, stopwatch, and thermometer. Pressure 
required to maintain flow through the known length of pipe, L, 
was measured by a simple manometer, reading directly in terms 
( 2 6 )  
and 
K'= K àllA" 
\4n / (27) 
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of meters of fluid flowing. Such a device is called a 
capillary tube viscometer or extrusion rheometer (Skelland, 
1967). Figure 6 and photographs 5 and 6 show the capillary 
tube viscometer used. Insulation of the pipe was necessary to 
insure constant fluid temperature throughout tube length, L. 
One inch thick fiberglass pipe insulation was used. 
The experimental procedure was to record fluid 
temperature, flow rate, and pressure drop across L in a given 
tube for several steady flows. Flow rates were varied by 
changing pump operating speed; measurement of flow rate, Q, 
was done volumetrically with stopwatch and graduated cylinder. 
Test runs were performed at of several flow rate settings, 
each of constant fluid temperature. Fluid temperature was 
varied through use of an electric water heater and copper 
heating coils inserted in the mixing tank. When the test 
fluid reached a desired temperature, the heat source was 
disconnected, flow initiated and volumetric and temperature 
measurements made until steady state temperatures were 
reached. The temperature was measured at the tube outlet. 
The pump used was a positive displacement progressing 
cavity type which, at the low operating pressures involved, 
had an essentially linear relationship between discharge and 
speed. Pressure changes at the manometer of as little as 5 mm 
of water were easily made by changing pump speed. The pump 
was powered by a Dayton 0.6 kW dc motor with maximum speed of 
propeller 
mixer 
heating 
noil 
tank 
mix] 
^manometer 
yScale 
f T  
water 
heater 
•progressing cavity 
circulation 
pump 
J 
Capillary tube dimension 
Capillary tube 
. galvanized pipe 
. PVC pipe 
. copper pipe 
capillary 
/ tube 
Z. 
->• 
receiving 
tank 
Length (L),mm 
5091 
4260 
5187 
Diameter (D) 
12.2 
15.5 
7.9 
mm 
Figure 6. Capillary tube viscometer 
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Photograph 5. Capillary tube viscometer 
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Photograph 6. Manometer used on capillary tube viscometer 
4 2  
2500 rpm. Pump rpm was reduced by use of unequal diameter 
pulleys and was varied through use of a Dayton dc motor 
controller. 
Preliminary runs of the heat exchanger indicated a 
possibility of plugging of the small flow passages by solids 
in the waste fluids being studied. It was decided to carry 
out tests sufficient to describe the effectiveness of the heat 
exchanger by using a prepared pseudoplastic fluid; this would 
allow numerous runs without danger of damaging the heat 
exchanger. The pseudoplastic fluid was made by preparing an 
aqueous solution of Methocel K4MS (hydroxypropyl 
methylcellulose 2208, Dow Chemical, U.S.A.). Several 
solutions were prepared, varying in strength from a low of 
approximately 0.1% by weight to 0.5% by weight. Although the 
pseudoplastic fluids as prepared are not claimed to exactly 
model waste sludges with respect to consistency and flow 
behavior indices, it is proposed their use in the model heat 
exchanger will provide information on the response of the heat 
exchanger to pseudoplastic fluids. The Methocel solutions 
were found to be most satisfactory with respect to laboratory 
use. As explained in Handbook on Methocel (1984), they are 
enzyme resistent, providing good viscosity stability during 
long-term storage. 
Viscometry was done, then, on the Methocel solutions and 
on the waste fluids from the Iowa State University and City of 
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Ames digesters. Accurate measurement of pressure required a 
steady flow through the pipe. It was found that low pump 
operating speeds (< 100 rpm) produced slightly pulsating flow 
with maximum pressure pulses of up to 20 mm observed in the 
manometer. Viscometry of Methocel was relatively troublefree; 
a small pump (Moyno, Model 2M1) was used so that operation was 
at relatively high rpm (500 ±) and several different flows, 
all in laminar range, were achieved with no pressure 
fluctuation. Viscometry of the waste fluids required use of a 
larger pump (Moyno Model 1L4) because the 2M1 pump could not 
pass the solids. Pulsating flow occurred, especially at the 
very low flows; accuracy was affected although selecting a 
mean manometer reading by eye gave quite good results as 
evidenced by the high statistical correlation coefficients 
(see Tables 19 through 33 at the end of Results) on the log-
l o g  p l o t s  o f  v s  ( 8 v / D ) .  
As previously stated, the viscometry tests required 
laminar flow, and work throughout this study differentiates 
between laminar and turbulent flow. Skelland (1967) reports 
that laminar flow ends at generalized Reynolds numbers which 
increase slowly as n decreases. Skelland notes that for n 
values of 1.0, 0.73, and 0.38, the transition region begins at 
Reg of about 2100, 2700, and 3100, respectively. Work in this 
study is based on the assumption that flow is laminar when Reg 
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is less that 2100 and is turbulent when Reg is greater than 
2100. 
Heat exchange 
The model heat exchanger test apparatus included the heat 
exchanger described in the previous chapter, four 100 liter 
tanks, two progressing cavity pumps (Moyno, Model 1L4) two 
0.6 kW dc motors with motor control units, thermocouples with 
digital readout (Omega Model no. 400B), thermocouple selector 
(Omega Model no. 405A), and the water heater, heating coil and 
mixing equipment described in the viscometry section. The 
test procedure involved placing approximately 80 liters of 
liquids with known physical properties in tanks near the heat 
exchanger inlets, and heating the designated hot liquid to 
desired temperature. Then, the pumps were adjusted to yield 
equal flow rates; this was achieved by volumetric measurements 
using a stopwatch and a pail with 5 and 15 liter graduations. 
When flow rates were equalized, each tank was recharged with 
full 80 liter volume of liquid, flows initiated and 
temperatures and rotational speed of each auger recorded. 
Liquid temperatures at heat exchanger inlets and outlets were 
recorded for the duration of flow and steady state tempera­
tures were observed to occur well within the time of 
operation. Fluids used included water, Methocel solutions, 
and anaerobic digester influents and effluents from both the 
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Iowa State University Beef Nutrition Farm and the Ames Water 
Pollution Control Plant. Testing of digester liquids required 
addition of mixing equipment to insure constant fluid 
properties during heat exchanger operation. Mixing was 
achieved by using the previously described propeller mixer 
with speed control by a Variac for one tank and a "sparging 
ring" of 1/4-inch nominal diameter copper tube connected to an 
air compressor to provide air-bubble agitation in the other 
tank. Air flow rate was regulated with a valve. 
From measurements of flow rates and temperatures, and 
from viscometry, effectiveness for the model heat exchanger 
was determined for the different fluids mentioned above. 
Since heat capacity rates (mc) in the heat exchanger are 
equal, heat transfer area is constant with respect to length 
and overall conductance, U, is assumed constant, heat transfer 
per unit area, q" is constant along the length of the heat 
exchanger and the temperature distribution is shown in 
Figure 7. Note that in this case, the temperature difference 
between hot and cold liquids is constant along heat exchanger 
length and is equal to 8h,in - 0c,out or 0h,out " 0c,in- is 
known that the heat transfer process differs depending on 
whether flow is laminar or turbulent (Incropera and DeWitt, 
1981) . To provide insight into the actual heat transfer 
process, Reynolds numbers and Prandtl numbers were calculated 
for each fluid for each run. Evaluation of temperature 
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dependent properties was made at the average fluid 
temperatures. 
(U 
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Figure 7. Temperature distribution for counter-flow heat 
exchanger with equal fluid heat capacity rates 
®h,out _ g 
h, avg ( 2 8 )  
and 
Gc,out+ ®c,in _ 0 
c, avg (29) 
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Specific heats and densities of all fluids used were assumed 
equal to that of water because of the weak solutions involved. 
Constant values of c = 4180 J/kg-'C and p = 1000 kg/m^ were 
used. 
Analysis of heat transfer under conditions of laminar 
flow in tubes may be theoretically done as mentioned 
previously. See Appendix B. At present, heat transfer in 
turbulent flow defies purely analytical solutions, but much 
experimental work has been done. The well-known correlation 
developed by Dittus and Boelter (1930) is extensively used for 
fully developed turbulent flow in circular smooth walled pipes 
and is 
Nu = 0.023Re0.8pr0.3 . (30) 
This expression gives the local Nusselt number; however, it 
may also be used as the average Nu over an entire length if 
the flow passage length to diameter ratio is > 60 (Incropera 
and DeWitt, 1981). See Appendix B for model heat exchanger 
L/D ratios. If, in accordance with Kays and London (1964), Re 
is based on the hydraulic diameter, Dh, of the heat exchanger 
flow passage, the above correlation can be used for non-
circular flow passages. In the model heat exchanger under 
study, it is proposed that the above correlation can be used, 
i.e., Nu = BRe^'^Pr^-^. Then, we can write 
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h = B (pv) 0 - 8 Dh-0 - 2 p.g-0 . 5cO . 3 kO . 7, (31) 
and in particular, 
he = B(pVc)0'8(Dhc)-0'2(M^,c)"°'5c0-3kc0-7, (32) 
and 
hh = B(pVh)O.8(Dhh)-O'2(p^,h)-O'5c0-3kh0.7, (33) 
Equation 13 with the above equations and experimental data 
gives three equations with three unknowns (B, h^, and h^). The 
calculated values of B, h^ and h^ provide a correlation for Nu 
for the flow passages of the heat exchanger under study. The 
correlation as derived is good only for flow and heat transfer 
geometry of the model under study. Under the assumptions of 
no axial heat flow (longitudinal conduction becomes a factor 
when Re-Pr < 100 in accordance with Kays and London, (1964)) 
and no heat loss through outer pipe wall, heat is transferred 
through only one of the four flow boundaries in each flow 
passage. 
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RESULTS 
Seven different fluids were used as test fluids in the 
heat exchanger. They were anaerobic digester influent and 
effluent from the Iowa State University Beef Nutrition Farm 
and Ames Water Pollution Control Plant and three different 
solutions of Methocel. 
Viscometry 
In accordance with the previous discussion of procedures, 
K' and n were experimentally determined for the test fluids. 
Methocel solutions predominated as a test fluid because they 
behave as pseudoplastic fluids, are stable, no health hazard 
is associated with them and they are easy to prepare in large 
quantities. Approximate strengths of the three Methocel 
solutions are in percent by weight: 0.1, 0.25, and 0.5. 
Fluid properties used in determining heat exchanger 
performance are those at the average fluid temperature (see 
Equations 28 and 29). Several viscometry runs were made at 
different temperatures for each fluid, thereby enabling 
estimation of viscosity at the average temperature to be made 
by linear interpolation. Tables 6 through 33 show 
experimental data and calculated values of shear, shear rate, 
effective viscosity, generalized Reynolds numbers, flow 
behavior index, consistency index, and statistical correlation 
coefficient. Figures 8, 10, 12, 14, 16, 18, and 20 are the 
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log-log plots of shear vs. 8v/D for determination of n and K' 
and Figures 9, 11, 13, 15, 17, 19, and 21 are the flow curves 
for each fluid. 
Heat Exchange 
Model heat exchanger effectiveness, E, was determined by 
the procedure outlined previously. Tables 34 through 40 show 
test data, ^e,k, Re, Pr, and calculated values of q, U, N^-u, 
and e. Effective viscosity, jig, for each of the Methocel 
solutions was determined using Equation 25, with K' value 
obtained by linear interpolation of appropriate values from 
viscometry test results in Tables 6 through 18 and n value 
found by averaging test n values for the appropriate solution. 
For each of the four different digester liquids, jig was 
estimated from viscometry test results in Tables 19 through 33. 
Thermal- conductivity for all liquids tested was assumed equal 
to that of water and was found by linear interpolation of table 
values found in Incropera and DeWitt (1981) . Density and 
specific heat for all fluids are assumed independent of 
temperature and equal to 1000 kg/m^ and 4180 J/kg-'C, 
respectively. For the turbulent flows, thermal convection heat 
transfer conductances h^ and h^ and Nu correlation coefficients 
were calculated in accordance with the procedure on page 46. 
Table 41 shows calculated values of h^, h^, Nu and Re^'^Pr^-^ 
for the heat exchanger tests in which flows were turbulent. 
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Figure 22 is a plot of Nu vs Re^'^Pr^-^ and from the slopes, Nu 
correlation coefficients (B) are found. 
Discussion 
Model performance 
Heat exchanger effectiveness values obtained for the 
model vary from a low of 0.234 (laminar flow) to a high of 
0.383 (turbulent flow) for runs involving water or Methocel 
solutions as the test fluids. Heat exchanger testing with 
anaerobic digester effluents and influents was limited for 
reasons discussed previously, but for the two runs 
successfully completed, effectiveness was 0.411 for runs using 
Ames Wastewater Pollution Control Plant digester influent and 
effluent and 0.422 for runs using Iowa State University 
digester influent and effluent. 
Prediction of prototype performance 
In accordance with principles of similitude, a prototype 
concentric-tube heat exchanger with 100 mm diameter inner pipe 
and 200 mm diameter outer pipe, i.e., % = 4, will deliver 
identical values of e when operated under fluid physical 
property similarity and dynamic similarity if the length of 
the heat exchanger is 6.0 meters. If the length is increased 
to 18.0 meters, Equation 18 yields an increase in N^-u by a 
factor of 3.0 which in turn increases, e. As an example, if E 
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for the 6 m long heat exchanger is 0.3, increasing the length 
to 18 m will yield e = 0.56. In a straightforward manner, one 
can experiment numerically with several heat exchanger 
diameter and length options and obtain appreciation of costs, 
both construction and operational, required for increased heat 
exchanger effectiveness. Short examples illustrating this 
using data from the Ames and Iowa State University digesters 
follow. From Table 1, the average flow rate into the Ames 
digester (full time—no intermittent flow) is 73,700 liter/day 
which is a mass flow rate of 0.8530 kg/s. Representative 
inside and outside prototype tube dimensions for this flow 
rate would be 100 mm (4.0 in) and 200 mm (8.0 in), 
respectively. Prototype to model length ratio, R^, is thus 
4.0. Using viscometry data in Tables 26, 27, and 28, 
representative K' and n values are 0.2 Pa-sR and 0.585, 
respectively. In accordance with Equation 25, |lg for inner 
tube is 0.0246 Pars and for outer tube is 0.0780 Pa-s. 
Reynolds numbers are 910 for inner tube and 143 for outer 
tube. From Table 40 U^^o = 980 W/m^-"C under laminar flow. Up^ 
is then 980 4- 4 = 245 W/m^ - ' C and in accordance with Equation 
18, Ntu = (245(%)(0.1016)(6.0)}/(0.8530(4180)} =0.132 yielding 
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E = 0.117. If the heat exchanger length is increased to 20 m, 
^tu ~ 0.440 and e = 0.306. Digester influent heating 
requirement for the 22 month period covered in Table 2 is 
1, 113,000 kW'h. Energy saved through use of an influent-
effluent heat exchanger at e = 0.3 is 333,900 kW-h for a 
monthly average of 15,180 kW*h. 
If, as in the case at the Iowa State University digester, 
influent and effluent fluids are less viscous, turbulent flow 
most probably exists and the following prediction of e can be 
made. Using the same mass flow rate of 0.8530 kg/s and 
assuming 
Ch = Cc == 4180 J/kg-'C 
Ph = Pc = 1000 kg/m3 
lie,h = 0.003 Pa-s 
= 0.005 Pa-s 
kh = 0.630 W/m-"C 
kg = 0.610 W/m-"C . 
Reynolds numbers and Prandtl numbers are 
Reh = 3731 
(D
 
o
 11 4478 
Prh = 19.9 
= 34.3 
These Reynolds numbers are not exactly equal to those in the 
test data, but the Nu correlations developed from the test 
data may be used. Using 0.035 for the coefficient B gives 
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NUh =61.8 
NUc = 84.2 
and unit conductances of 
hh = 575 W/m2.-C 
he = 1517 W/m2.-C . 
From Equation 13, U = 446 W/m^-'C and by Equation 18, N^u = 
0.040 per unit length (m) of heat exchanger. For a heat 
exchanger of 20 m, N^u = 0.800 and e = 0.444. Energy savings 
under this turbulent flow case would be 4 94,200 kW-h, or a 
monthly average of 22,460 kW-h. Based on viscometry of this 
study, turbulent flow is more likely to occur with livestock 
waste than with municipal/industrial waste. Flow in this 
example, incidentally, is that which would be expected from 
approximately 1600 head of 360 kg cattle. 
Comparison with conventional concentric-tube heat exchanger 
For insight into heat transfer enhancement by augers, it 
is interesting to compare above performance with a concentric-
tube heat exchanger without augers. Consider a concentric-
tube heat exchanger with inner tube diameter of 38.1 mm (1.5 
in) and outer tube of 7 6.2 mm (3.0 in) operating with the same 
fluids (dimensions most likely considered impractically small 
by current design standards but chosen nevertheless to yield 
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high Reynolds numbers. Flow passage areas and hydraulic 
diameters are 
Ah = 0.00342 m2 
Ac = 0.00114 m2 
Dhjj = 38.1 mm 
Dhg = 38.1 mm 
Assuming fluid properties are equal to the previous turbulent 
model gives Reynolds numbers and Prandtl numbers of 
Reh = 3168 
Prh =19.9 
Reg = 5702 
Pre = 34.3 . 
From the Nusselt correlation, Nu = 0.023 Re'^-^Pr^-^. (In 
accordance with Incropera and DeWitt (1981), this correlation 
can be used as a first approximation for heat transfer in 
annuli.) 
Nuh = 35.6 
NUc =67.2 . 
Unit conductances are 
hh = 589 W/m2- "C 
he = 107 6 W/m2- - C . 
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From Equation 13, U = 404 W/m^-'C and N^u = 0.0136 per unit 
length. Table 42 compares e for various lengths of heat 
exchanger. 
For laminar flow, using the example on page 50, Nj-u for 
the heat exchanger with augers was found to be 0.132. Per 
unit length, equals 0.0220. 
If augers are removed, a conventional concentric-tube 
heat exchanger results, and for this case can be quickly 
calculated by recognizing that Nu for the inner tube is 4.64 
in accordance with Equation 39, and Nu for the annulus can be 
calculated by the procedure given in Kays and Crawford (1980). 
Kays and Crawford have calculated values of Nusselt numbers 
for various ratios of inner and outer tube diameters; the 
appropriate Newtonian value of Nu for the annulus in the 
geometry of this case is 6.25/ assuming a 6.4% increase 
(4.64 4- 4.36) due to pseudoplasticity yields a Nu of 6.65. 
Therefore, hg = 4.64 (0.610)/O.1016 = 27.9 w/m^-'C and h^ = 
6.65 (0.630)/0.1016 = 41.2 W/m^- "C. From Equation 13, 
U = 17.3 W/m2-'C . 
From Equation 18, 
NTU = 17.3(TC)(0.1016)(6)/(0.8530)(4180) =0.00929 . 
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Per unit length, equals 0.00155. Table 43 compares e for 
various lengths of heat exchanger under laminar flow 
conditions. 
As expected, the relative advantage in effectiveness of 
the auger model heat exchanger over the conventional heat 
exchanger diminishes with increasing length. Considering 
practical lengths of 20 to 30 meters, however, the advantage 
is substantial. 
Value of augers 
An initial observation one can make regarding the role 
played by augers in the heat exchanger is that both sides of 
the heat transfer surface are scraped; this should essentially 
eliminate fouling. Fouling is caused by the accumulation of 
undesirable solid material at heat transfer surfaces (Epstein, 
1978) with resulting drop in heat transfer rate. With the 
biological waste fluids under consideration, fouling in form 
of slime growth would almost certainly occur. Second, the 
scraping action of the auger removes the boundary layer 
periodically. It is known that boundary layers near the 
convective surface provide substantial resistance to heat 
flow. By physically removing the boundary layer and allowing 
fresh liquid at the mean temperature to come in contact with 
the convective surface, improved heat transfer rates should 
result. Hagge (1974) presents a thorough discussion of the 
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literature concerning scraped surface heat transfer with 
liquids and reports that there are two theories used in 
modeling scraped-surface heat transfer. The stagnant-film 
theory assumes that a film of thickness Sj. and thermal 
conductivity k provides all resistance to heat transfer. The 
unit conductance is therefore 
The surface renewal/penetration theory assume periodic 
scraping of the convective surface and fresh liquid at the 
mean temperature then makes contact with the connective 
surface. This type of heat transfer can be expressed as the 
one-dimensional conduction equation in Cartesian coordinates 
Hagge (1974) shows that, for uniform boundary layer renewal, 
the solution of Equation 35 is 
3 9  k  a ^ e  
3T p c 9 y 2 (35) 
(36) 
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where T is the time between renewals. 
Auger action in the heat exchanger under study may be 
expected to reduce the thickness of the boundary layer and 
also to periodically remove it. This suggests that auger 
rotation should enhance heat transfer for both laminar and 
turbulent flow conditions. Review of Tables 34 through 40 
does show higher effectiveness for runs in which the augers 
were rotating compared to runs with no auger rotation, both 
for laminar and turbulent flow. Auger rotation in laminar 
flow resulted in a 9% increase in runs 1 and 2 in Table 38, 
and a 21% increase in runs 1 and 4 in Table 37. Auger 
rotation in turbulent flow shows increases of 6% for runs 3 
and 4 in Table 36 and 5% in runs 3 and 4 in Table 35. There 
are some inconsistencies in the tables regarding the relation­
ship between auger rotation and heat transfer, but these 
inconsistencies lie within uncertainty of measurements (see 
Appendix C). In general, the data indicate that heat transfer 
enhancement is related to auger rotation. That being 
the case, variables in Table 5 would include auger rotational 
speed, and a fourth Pi term, CûD/v, would result. Equation 14 
would be Nu=<t> (Re, Pr, CDD/v) . Future research directed toward 
studying the effect of auger rotation should recognize the 
above change in Equation 14. It is worthy of mention here, 
though, that in run number 9 in Table 34, the inner auger was 
inadvertently operated with rotation counter to flow direction 
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and in this case £ was highest of all. This suggests that 
degree of heat transfer enhancement is related to the 
intensity of auger rotation. Although auger rotation counter 
to flow direction is not recommended, perhaps high auger 
rotational speeds would augment heat transfer even in 
turbulent flow. Hagge (1974), in studying mechanically aided 
air convective heat transfer, found that scraping speed plays 
a dominant role in heat transfer augmentation. 
Mechanically aided heat transfer exists in various 
devices used by industries such as those which produce waxes, 
asphalts, paints, pharmaceuticals, foodstuffs, explosives, and 
polymers. As presented by Uhl (1970), several different types 
of scrapers are possible; many are used in jacketed vessels 
(similar to an ice cream freezer) and consist of helical 
ribbons or paddles. Two types used similar to the augers of 
this study are the votator, which is a proprietory device used 
for several decades for food, pharmaceutical and chemical 
processing, and spring loaded scraper units. Uhl reports that 
heat transfer studies have shown U values of 250 to 600 
BTU/hr*ft^•'F (1420 to 3400 W/m^-'C) for the votator in food 
processing operations, but that very little work has been done 
on the spring loaded scraper although one study mentioned by 
Uhl reports U values of 25 to 30 BTU/hr-ft^-"F (140 to 170 
W/m^-'C). Figures 23 and 24 show these devices. 
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A third role is that of changing the flow path from 
straight to curved. It is well-known that the velocity 
profile in curved pipe flow is very different from Poiseuille 
flow. Dean (1927) was one of the first to do significant work 
with curved flow; he attempted to find the deviation of the 
velocity profile from Poiseuille flow by solving the Navier-
Stokes equations. He pointed out that secondary flows are set 
up and that dynamic similarity introduces a parameter 
ReVr/r^ , now known as the Dean number, where r is radius of 
the tube in which flow occurs and r^ is radius of curvature of 
the tube. The secondary flow pattern in a tube cross section 
normal to the main flow is shown in Figure 25. Existence of 
secondary currents due to curvature suggests that heat 
transfer between the fluid and its surroundings may be 
enhanced. Work by Mori and Nakayama (1965) and by Patankar et 
al. (1974) among others, has addressed this. Mori and 
Nakayama (1965) found that the ratio of the Nusselt number for 
uniform heat flux in curved pipe laminar flow (Nug) to 
straight pipe laminar flow (NUg) is a function of the Dean 
number and the Prandtl number. To a first approximation, they 
found 
1/2 
Nu De 
= 0.1979 
Nu g ' Ç (37) 
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where Ç is the ratio of thermal boundary layer thickness to 
hydrodynamic boundary layer thickness. For cases of Pr > 1, 
they developed the expression 
Considering Pr = 4.0, values of NUc/NUg for Dean numbers = 
1,000, 10,000 and 20,000 are 13,9, 43.8, and 62.0, 
respectively. Mori and Nakayama's work was for conditions of 
uniform heat flux and results are for average conductances 
around the periphery. Note that for large Pr, Nu^/Nug tends to 
depend only on the Dean number, i.e., on the intensity of 
secondary flow. The above NUg/NUg ratios are impressive and 
suggest significant heat transfer enhancement in curved tube 
flow. Direct application of Mori and Nakayama's results to 
the heat exchanger model of this study is not appropriate, 
however. First, the flow passages are not circular, second, 
two of the flow boundaries in each flow passage are moving due 
to auger rotation, and third, heat transfer occurs on only one 
boundary of each flow passage. Patankar et al. (1974) have 
found that fluid velocity (see Figure 2 6) and temperature are 
much higher near the outside curve boundary than near the 
inside curve boundary and also that heat transfer unit 
(38) 
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conductance is much higher for the outside curve boundary. 
Despite the above mentioned caution regarding application to 
this study, basically only the boundary conditions change when 
considering the flow passages in the heat exchanger under 
study, and the results of Mori and Nakayama, and Patankar et 
al. can be considered as a guide regarding expectations. 
Role of non-Newtonian fluid in heat transfer 
It can be shown theoretically (see Appendix B) that Nu 
for constant heat flux laminar flow in circular tubes is 
dependent on the flow behavior index, n, of the fluid. For 
Newtonian fluids, Nu = 4.36, but for fluids with n ^  1, Nu gs 
4.36. As derived in Appendix B, Nu for power law fluids is 
8(15n^ + 23n^ + 9n + 1) 
Nu = 3 2 . (39) 
31n + 43n + 13n + 1 
Thus, a pseudoplastic fluid in laminar flow should 
exhibit higher heat transfer than a Newtonian fluid, with a 
maximum Nu = 8.0 for infinite pseudoplasticity (n=0) , or so-
called "plug flow," and a minimum Nu = 4.36 at n = 1.0 
(Newtonian fluid). 
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Figure 8. Shear at the wall vs. 8v/D for 0.1% Methocel 
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Figure 12. Shear at the wall vs. 8v/d for 0.5% Methocel 
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Figure 15. Shear at the wall vs. shear rate at the wall for 
ISU anaerobic digester influent 
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AMES DIGESTER INFLUENT 
Figure 18. Shear at the wall vs. 8v/D for Ames Water 
Pollution Control Plant anaerobic digester 
influent 
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Figure 19. Shear at the wall vs. shear rate at the wall for 
Ames Water Pollution Control Plant anaerobic 
digester influent 
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Figure 20. Shear at the wall vs. 8v/D for Ames Water 
Pollution Control Plant anaerobic digester 
effluent 
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Figure 21. Shear at the wall vs. shear rate at the wall for 
Ames Water Pollution Control Plant anaerobic 
digester effluent 
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Figure 24. Votator unit as used in heat exchangers. From Uhl 
(1970) 
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Figure 25. Secondary flow pattern in a curved tube. From 
Patankar et al. (1974) 
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Figure 26. Effect of Dean number on axial-velocity profiles 
(i) straight tube, (ii) De = 60,0, (iii) De = 
500.0, (iv) De = 1200.0. From Patankar et al. 
(1974) 
Table 6. Viscometry for methocel solution 
Test no. 1 
% Solution = 0.1 
Temperature = 21.3'C 
Tube diameter = 7.879 mm 
Tube length = 5187 mm 
Run P 
Flow 
Volume 
Flow 
Time T-W 
mm H2O ml s N/mZ 
1 269 445.0 47.6 1.00 
2 440 462.0 29.5 1.64 
3 552 485.0 24.6 2.06 
4 211 424 .5 57.5 0.79 
5 102 188.2 54.2 0.38 
6 335 408.0 39.2 1.25 
n = 0.978 
K' = 0.005863 Pa-s" 
K = 0.005831 Pa-s" 
r = 0.997 
8v/D Y„ 
s~l s-1 
194.7 195.8 
326.1 327.9 
410.6 412.9 
153.7 154.6 
72.3 72.7 
216.7 217.9 
Pe RGg 
Pa-sxlo3 
5.144 290 
5.031 491 
5.011 621 
5.111 228 
5.260 105 
5.752 323 
Table 7. Viscometry for methocel solution 
Test no. 2 
% Solution = 0.1 
Temperature = 24.0'C 
Tube diameter = 7,879 mm 
Tube length = 5187 mm 
Flow Flow 
lun P Volume Time tw 
mm H2O ml s N/m^ 
1 335 474.5 37.0 1.25 
2 418 485.0 29.9 1.56 
3 518 485.5 23.9 1.93 
4 609 468.0 19.6 2.27 
5 433 465.5 27.7 1.61 
6 457 459.0 36.4 1.70 
7 188 401.5 56.6 0.70 
8 14 6 224.2 41.9 0.54 
9 112 219.6 53.8 0.42 
n = 0.966 
K' = 0.005841 Pa-s" 
K = 0.005792 Pa-s" 
r = 0.983 
8v/D Y„ 
s~^  s-1 
267.1 269.5 
337.8 340.8 
423.0 426.7 
497.2 501.6 
350.0 353.1 
262.6 264.9 
147.7 149.0 
111.4 112.4 
85.0 85.7 
Pe RGg 
Pa•sxlo3 
4.672 428 
4.605 545 
4.563 688 
4.560 813 
4.604 566 
6.486 420 
4.750 232 
4.871 173 
4.916 131 
Table 8. Viscometry for methocel solution 
Test no. 3 
% Solution =0.1 
Temperature = 30.0*C 
Tube diameter = 7.879 mm 
Tube length = 5187 mm 
Flow Flow 
lun P Volume Time '^ w 
mm H2O ml s N/mZ 
1 211 455.0 46.2 0.78 
2 262 454.0 36.6 0.97 
3 312 468.5 31.6 1.16 
4 357 449.5 26.3 1.33 
5 511 481.0 19.8 1.90 
6 155 465.0 63.7 0.58 
7 113 238.8 46.2 0.42 
8 249 488.0 42.3 0.93 
n = 0.974 
K' = 0.004391 Pa-s* 
K = 0.004363 Pa-s* 
r = 1.000 
8v/D Yw He Reg 
s-1 s-1 Pa* sxlO^ 
205.1 206.5 3.825 417 
258.3 260.0 3.771 528 
308.7 310.8 3.758 634 
355.9 358.3 3.739 734 
505.9 509.3 3.7 62 1052 
152.0 153.0 3.794 306 
107.6 108.3 3.924 215 
240.2 241.8 3.856 490 
Table 9. Viscometry for methocel solution 
Test no. 4 
% Solution = 0 .1 
Temperature = 15.0'C 
Tube diameter = 7.879 mm 
Tube length = 5187 mm 
Flow 
Run P Volume 
mm H2O ml 
1 280 219.8 
2 335 242.0 
3 464 242.2 
4 613 466.5 
5 841 483.0 
6 619 486.0 
7 475 239.2 
8 341 238.0 
9 207 233.6 
10 158 229.8 
n =0.976 
K' = 0.007301 Pa-s" 
K = 0.007257 Pa-s* 
r = 1.000 
Flow 
Time 
s 
^w 
N/mZ 
28.7 1.04 
26.1 1.25 
18.7 1.73 
26.9 2.28 
20.1 3.13 
27.8 2.30 
18.2 1.77 
25.2 1.27 
40.9 0.77 
53.1 0.59 
8v/D 
o—1 o—1 
159.5 160.5 
193.1 194.3 
269.7 271.4 
361.1 363.3 
500.4 503.5 
364.1 366.3 
273.7 275.4 
196.7 197.9 
118.9 119.6 
90.1 90.7 
^^ e RGg 
Pa•sxlo3 
6.528 191 
6.462 232 
6.407 327 
6.319 441 
6.260 616 
6.331 445 
6.472 332 
6.454 237 
6.491 142 
6.513 107 
Table 10. Viscometry for methocel solution 
Test no. 5 
% Solution = 0.1 
Temperature = 35.8'C 
Tube diameter = 7.879 mm 
Tube length = 5187 mm 
Flow 
Run p Volume 
mm H2O ml 
1 213 487.5 
2 179 479.0 
3 141 481.5 
4 91 432.5 
5 333 476.0 
6 144 462.5 
n =0.982 
K' = 0.003395 Pa-sn 
K = 0.003380 Pa-s" 
r = 0.999 
Flow 
Time 
s N/m^ 
38.5 0.79 
45.3 0.67 
58.9 0.53 
83.4 0.34 
24.8 1.24 
55.4 0.54 
8v/D Y„ 
Q-1 R-1 
263.7 264.9 
220.2 221.2 
170.2 171.0 
108.0 108.5 
399.7 401.5 
173.9 174.7 
M-e 
Pa•sxiO^ 
3.014 668 
3.027 556 
3.088 428 
3.154 269 
3.102 1020 
3.089 437 
Table 11. Viscometry for methocel solution 
Test no. 6 
% Solution = 0 .1 
Temperature = 36.8'C 
Tube diameter = 7.879 mm 
Tube length 5187 mm 
Flow Flow 
Run P Volume Time 'Cw 
mm H2O ml s N/m2 
180 459.0 43.7 0.67 
2 123 429.5 59.4 0.46 
3 85 224.0 45.7 0.32 
4 245 469.0 32.4 0.91 
5 318 470.5 24.7 1.18 
6 215 476.0 36.8 0.80 
7 143 473.0 57.0 0.53 
n = 0.974 
K' = 0.003497 Pa-s" 
K = 0.003474 Pa-s" 
r = 1.000 
8v/D Y„ 
s~l s-1 
218.7 220.2 
150.6 151.6 
102.1 102.8 
301.4 303.4 
396.7 399.3 
269.4 271.2 
172.8 174.0 
M-e 
Pa'SXlo3 
3.057 559 
3,054 381 
3.092 256 
3.032 777 
2.985 1030 
2.980 692 
3.075 439 
Table 12. Viscometry for methocel solution 
Test no. 1 
% Solution = 0.25 
Temperature = 14.9'C 
Tube diameter = 7.879 mm 
Tube length = 5187 mm 
Flow Flow 
lun P Volume Time ^w 
mm H2O ml s N/mZ 
1 228.0 39.2 39.2 1.14 
2 470.0 53.4 53.4 1. 69 
3 484.5 34.7 34.7 2.58 
4 484.0 28.7 28.7 3.09 
5 461.5 47.8 47.8 1.83 
6 220.0 39.3 39.3 1.09 
7 233.0 60.3 60.3 0.76 
8 473.0 26.7 26.7 3.25 
n = 0.948 
K' = 0.011965 Pa-s" 
K = 0.011812 Pa-s" 
r = 1.000 
8v/D Yw 
q-l Q-1 
121.1 122.8 
183.3 185.8 
290.8 294.8 
351.2 356.0 
201.1 203.9 
116.6 118.2 
80.5 81.6 
368.9 349.7 
M-e 
Pa•sxl03 
9.440 101 
9.236 156 
8.888 253 
8.807 308 
9.126 171 
9.379 97 
9.412 65 
8.802 325 
Table 13. Viscometry for methocel solution 
Test no. 2 
% Solution = 0 .25 
Temperature = 
Tube diameter 
17.9'C 
= 7.879 mm 
Tube length = 5187 mm 
Run P 
Flow 
Volume 
Flow 
Time "Cw 
mm H2O ml s N/m^ 
1 363 449.5 56.2 1.35 
2 491 474.0 42.5 1.83 
3 692 459.5 28.4 2.58 
4 841 489.5 24.7 3.13 
5 966 477.0 20.8 3.60 
6 461 459.5 44.3 1.72 
7 300 441.5 66.8 1.12 
8 194 218.0 52.7 0.72 
n = 0.935 
K' = 0.011245 Pa-s" 
K = 0.011065 Pa-s" 
r = 1.000 
8v/D Yw 
s-1 
166.6 169.5 
232.3 236.3 
336.9 342.8 
412.7 419.9 
477.6 485.9 
216.0 219.8 
137.6 140.0 
86.1 87.6 
M-e 
Pa•sxl03 
8.126 160 
7.871 229 
7.653 340 
7.593 422 
7.537 493 
7.943 212 
8.126 131 
8.396 79 
Table 14. Viscometry for methocel solution 
Test no. 3 
% Solution = 0.25 
Temperature = 25.3*C 
Tube diameter = 7.879 mm 
Tube length = 5187 mm 
Flow Flow 
Run p Volume Time 
mm H2O ml s N/m^ 
1 475 481.0 32.8 1.77 
2 556 472.0 27.0 2.07 
3 736 479.5 20.4 2.74 
4 285 464.5 53.0 1.06 
5 211 457.5 72.4 0.79 
n = 0.956 
K' = 0.007394 Pa-s" 
K = 0.007314 Pa-s" 
r = 1.000 
8v/D y„ 
R-1 cj-l 
305.4 308.9 
364.0 368.2 
489.5 495.1 
,182.5 184.6 
131.6 133.1 
^^ e RGg 
Fa•sxlO^ 
5.800 413 
5.689 496 
5.602 67 6 
5.817 241 
5.979 171 
Table 15. Viscometry for methocel solution 
Test no. 4 
% Solution = 0.25 
Temperature = 32.7*C 
Tube diameter = 7.879 mm 
Tube length = 5187 mm 
Flow Flow 
lun P Volume Time "Cw 
mm H2O ml s N/m2 
1 483 490.5 26.1 1.80 
2 294 473.0 41.7 1.09 
3 214 474.0 58.5 0.80 
4 163 457.5 76.0 0.61 
5 299 458.0 40.7 1.11 
6 427 493.5 29.5 1.59 
n = 0.952 
K' = 0.006077 Pa-s" 
K = 0.006005 Pa-s" 
r = 1.000 
8v/D Y„ 
q-l R-l 
391.4 396.3 
236.2 239.2 
168.7 170.8 
125.4 127.0 
234.3 237.3 
348.4 352.8 
l^e RGg 
Pa* sxlO^ 
4.598 664 
4.629 391 
4.731 275 
4.846 202 
4.753 388 
4.569 588 
Table 16. Viscometry for methocel solution 
Test no. 5 
% Solution = 0 .25 
Temperature = 46.9'C 
Tube diameter = 7.879 mm 
Tube length 5187 mm 
Flow Flow 
Run P Volume Time T-W 
mm H2O ml s N/mZ 
1 256 481.0 28.6 0.95 
2 305 468.5 23.2 1.14 
3 153 454.5 45.9 0.57 
4 107 470.5 71.4 0.40 
5 207 424.0 34.3 0.77 
6 378 472.0 20.6 1.41 
7 315 469.5 25.0 1.18 
n =0.998 
K' = 0.002896 Pa-s" 
K = 0.002895 Pa-sn 
r = 0.995 
8v/D Y„ 
s-1 
350.2 350.4 
420.5 420.7 
206.2 206.3 
137.2 137.3 
257.4 257.5 
477.1 477.3 
391.1 391.3 
He RSg 
Pa•sxlo3 
2.723 951 
2.705 1142 
2.759 559 
2.896 372 
2.999 698 
2.948 1296 
3.005 1062 
Table 17. Viscometry for methocel solution 
Test no. 1 
% Solution = 0 .5 
Temperature = 17.0'C 
Tube diameter = 12.214 mm 
Tube length = 5091 mm 
Flow Flow 
Run P Volume Time T-w 
mm H2O ml s N/m^ 
1 443 469.0 46.3 2.61 
2 536 480.0 38.7 3.15 
3 664 475.0 30.4 3. 91 
4 787 471.0 24.5 4.63 
5 931 464.0 20.0 5.48 
6 1088 487.0 17.4 6.40 
n = 0.882 
K' = 0.074963 Pa-s" 
K = 0.072819 Pa-s" 
r = 1.000 
8v/D % 
C—1 «5—1 
56.6 58.5 
69.3 71.6 
87.4 90.3 
107.5 111.1 
129.7 114.4 
156.5 161.7 
M-e 
Pa -sxlO^ 
46.042 23 
45.490 28 
44.732 37 
43.080 47 
42.210 57 
40.913 71 
Table 18. Viscometry for methocel solution 
Test no. 2 
% Solution = 0.5 
Temperature = 29.8'C 
Tube diameter = 12.214 mm 
Tube length = 5091 mm 
Flow 
Run p Volume 
mm H2O ml 
1 278 431 
2 347 458 
3 429 464 
4 494 455 
5 554 474 
6 640 481 
7 320 479 
8 386 399 
9 456 486 
10 632 484 
n = 0 .871 
K' = 0 .046516 Pa-s" 
K = 0 .045066 Pa-s" 
r = 0 .997 
Flow 
Time 
s N/m^ 
40.8 1.64 
34.1 2.04 
27.1 2.53 
22.6 2.91 
20.1 3.26 
17.4 3.77 
36.5 1.88 
25.1 2.27 
25.4 2.68 
17.4 3.72 
8v/D 
59.1 61.3 
75.1 77.9 
95.7 99.2 
112.6 116.8 
131.8 136.7 
154.6 160.3 
73.4 76.1 
88.9 92.2 
107.0 111.0 
155.5 161.3 
\IQ Reg 
Pa-SXIO^ 
27.692 40 
27.225 53 
26.396 69 
25.810 83 
24.701 99 
24.379 119 
25.664 51 
25.545 64 
25.062 79 
23.893 120 
Table 19. Viscometry for ISU anaerobic digester influent 
Test no. 1 
% Solids =3.83 
Temperature = 12.0'C 
Tube diameter = 12.214 mm 
Tube length = 5091 mm 
Flow Flow 
lun P Volume Time 8v/D 
mm H2O ml s N/m^ s-1 
1 466 960 14.9 2.74 360.2 
2 229 921 26.4 1.35 195.1 
3 177 949 40.5 1.04 131.0 
4 351 937 18.6 2.06 281.7 
5 591 912 11.0 3.48 463.6 
n = 0.989 
K' = 0.007930 Pa-s" 
K = 0.007908 Pa-sn 
r = 0.995 
Yw Reg 
s-1 Pa•sxlO^ 
361.2 7.62 905 
195.6 6.90 487 
131.4 7.94 325 
282.5 7.32 706 
464.9 7.51 1168 
Table 20. Viscometry for ISU anaerobic digester influent 
Test no. 2 
% Solids = 2.78 
Temperature = 21.0'C 
Tube diameter = 12.214 mm 
Tube length = 5091 mm 
Flow Flow 
Run P Volume Time ^w 8v/D Yw lie 
mm H2O ml s N/m^ s-1 s-1 Pa-sxiO^ 
1 120 483 17.2 0.71 157.0 162.0 4.512 
2 111 464 18.1 0.65 143.3 147.9 4.542 
3 96 474 22.5 0.56 117.8 121.6 4.796 
4 79 468 24.8 0.47 105.5 108.9 4.419 
5 128 472 17.0 0.75 155.2 160.1 4.852 
6 110 469 19.4 0.65 135.2 139.5 4.776 
7 91 451 23.1 0.53 109.2 112.7 4.896 
8 73 489 32.7 0.43 83.6 86.3 5.148 
Re. 
635 
574 
461 
408 
627 
538 
424 
315 
n = 0.887 
K' = 0.008174 Pa-s" 
K = 0.007950 Pa-s" 
r = 0.975 
Table 21. Viscometry for ISU anaerobic digester influent 
Test no. 3 
% Solids =3.83 
Temperature = 17.9"C 
Tube diameter = 12.214 mm 
Tube length = 5091 mm 
Flow Flow 
Run P Volume Time ^w 8v/D ïw He Reg 
mm H2O ml s N/m? s-1 s-1 Pa-sxiO^ 
1 244 960 21.9 1.43 245.1 246.9 5.854 731 
2 91 872 59.9 0.54 81.4 82.0 6.610 235 
3 213 947 26.5 1.26 199.8 201.2 6.283 592 
4 326 944 17.2 1.92 306.9 309.1 6.253 921 
5 472 1000 13.0 2.78 430.1 433.2 6.4 63 1303 
6 311 943 17.7 1.83 297.9 300.0 6.141 893 
n = 0.972 
K' = 0.007308 Pa-s" 
K = 0.007257 Pa-s" 
r =0.998 
Table 22. Viscometry for ISU anaerobic digester effluent 
Test no. 1 
% Solids =2.84 
Temperature = 20.4'C 
Tube diameter = 12.214 mm 
Tube length = 5091 mm 
Flow Flow 
ilun P Volume Time T-W 8v/D 
mm H2O ml s N/m^ s-1 
1 134 872 33.8 0.79 144.2 
2 91 768 51.2 0.54 83.9 
3 280 879 15.8 1.65 311.0 
4 274 886 15.8 1.61 313.5 
5 171 840 24.3 1.00 193.3 
6 134 790 30.6 0.79 144.3 
7 88 817 55.2 0.52 82.8 
n =0.853 
K' = 0.011816 Pa-s" 
K = 0.011398 Pa-s" 
r = 0.996 
Tw Reg 
s~l Pa-sxlo3 
150.4 5.471 473 
87.5 6.415 254 
324.4 5.304 1143 
327.0 5.148 1154 
201.6 5.196 662 
150.5 5.467 474 
86.4 6.285 250 
Table 23. Viscometry for ISU anaerobic digester effluent 
Test no. 2 
% Solids = 4.05 
Temperature = 26.0'C 
Tube diameter = 12.214 mm 
Tube length = 5091 mm 
Flow Flow 
Run P Volume Time 'Cw 8v/D Yw lie Reg 
mm H2O ml s N/mZ s-1 s-1 Pa*3X10^ 
1 268 872 6.7 2.40 352.9 363.4 6.802 1651 
2 210 899 8.6 1.88 283.5 291.9 6.640 1296 
3 104 924 17.8 0.93 140.8 145.0 6.589 598 
4 165 926 11.3 1.47 222.2 228.8 6.629 990 
5 207 958 9.5 1.85 273.5 281.6 6.783 1245 
6 195 952 9.7 1.75 266.1 274.0 6.560 1208 
7 98 951 21.6 0.87 119.4 122.9 7.311 498 
8 122 905 17.3 1.09 141.9 146.1 7.692 603 
9 186 925 9.9 1.66 253.4 260.9 6.567 1145 
10 256 1023 7.5 2.29 369.9 380.9 6.195 1739 
n = 0.894 
K' = 0.011997 Pa-s" 
K = 0.011688 Pa-s" 
r = 0.992 
Table 24. Viscometry for ISU anaerobic digester effluent 
Test no. 3 
% Solids = 4.05 
Temperature = 27.0'C 
Tube diameter = 12.214 mm 
Tube length 5091 mm 
Flow Flow 
Run P Volume Time ^w 8v/D Yw J^ e Reg 
mm H2O ml s N/m2 s-1 s-1 Pa-sxio3 
1 253 923 23.0 1.49 224.4 232.6 6.634 652 
2 287 889 18.1 1.69 274.6 284.7 6.139 818 
3 180 905 30.7 1.06 164.8 170.8 6.420 460 
4 162 753 31.7 0.95 132.8 137.7 7.157 361 
5 250 940 21.9 1.47 240.0 248.8 6.128 703 
6 457 952 11.9 2.69 447.3 4 63.7 6.014 1419 
n = 0.872 
K' = 0.012849 Pa-s* 
K = 0.012451 Pa-s" 
r = 0.995 
Table 25. Viscometry for ISU anaerobic digester effluent 
Test no. 4 
% Solids =2.84 
Temperature = 30.4'C 
Tube diameter = 12.214 mm 
Tube length = 5091 mm 
Flow Flow 
lun P Volume Time "^ w 8v/D 
mm H2O ml s N/m^ s-1 
1 155 880 21.8 0.91 225.7 
2 73 844 48.4 0.43 97.5 
3 165 859 21.4 0.97 224.4 
4 229 911 16.5 1.35 308.7 
5 101 857 36.3 0.59 132.0 
6 140 903 27.1 0.82 186.3 
7 206 928 18.7 1.21 277.5 
8 82 833 47.4 0.48 98.3 
n = 0.924 
K' = 0.006546 Pa-s" 
K = 0.006424 Pa-s" 
r = 0.995 
7w M-e 
s~l Pa-sxlO^  
230.3 4.052 971 
99.5 4.415 394 
229.0 4.315 965 
315.0 4.357 1360 
134.7 4.483 545 
190.1 4.428 790 
283.2 4.363 1213 
100.3 4.928 397 
Table 26. Viscometry for Ames Water Pollution 
influent 
Test no. 1 
% Solids = 3.50 
Temperature = 13.0'C 
Tube diameter = 12.214 mm 
Tube length = 5091 mm 
Flow 
Run p Volume 
mm H2O ml 
1 1000 940 
2 817 962 
3 558 922 
4 521 961 
5 1314 950 
n = 0.585 
K' = 0.192250 Pa-s* 
K = 0.174738 Pa-s" 
r = 1.000 
Flow 
Time 
s N/m^ 
15.2 5.88 
21.8 4.81 
39.3 3.28 
48.2 3.07 
9.6 7.73 
Control Plant anaerobic digester 
8v/D Yw ^^ e Reg 
s-1 s-1 Pa•sxlO^ 
345.8 407.1 17.012 380 
246.7 290.5 19.480 236 
131.2 154.5 25.020 96 
111.5 131.3 27.510 77 
553.3 651.4 13.970 739 
Table 27. Viscometry for Ames Water Pollution Control Plant anaerobic digester 
influent 
Test no. 2 
% Solids = 3.50 
Temperature = 18.5'C 
Tube diameter = 12.214 mm 
Tube length = 5091 mm 
Flow 
Run p Volume 
mm H2O ml 
1 869 941 
2 1311 956 
3 1052 880 
4 655 913 
5 823 940 
n =0.585 
K' = 0.195743 Pa-s" 
K = 0.177912 Pa-s" 
r =0.971 
Flow 
Time 8v/D 
s N/m^ s"l 
19.8 5.11 265.7 
9.6 7.71 556.8 
16.0 6.19 307.5 
30.8 3.86 165.7 
19.5 4.84 269.5 
Yw M^ e 
s~^  Pa'sxlO^  
312.8 19.235 257 
655.5 13.850 731 
362.0 20.120 316 
195.1 23.265 312 
317.3 17.966 262 
Table 28. Viscometry for Ames Water Pollution 
influent 
Test no. 3 
% Solids =3.22 
Temperature = 20.0'C 
Tube diameter = 12.214 mm 
Tube length = 5091 mm 
Flow Flow 
lun P Volume Time 
mm H2O ml s N/m^ 
1 503 485 22.7 2.96 
2 594 465 17.0 3.50 
3 427 472 29.5 2.51 
4 351 481 41.9 2.06 
5 579 472 16.7 3.41 
6 518 464 18.4 3.05 
7 427 477 30.0 2.51 
8 381 472 34.8 2.24 
n = 0.561 
K' = 0.200139 Pa-sR 
K = 0.181050 Pa-s" 
r =0.991 
Control Plant anaerobic digester 
8v/D Yw V-e Reg 
s-1 s-1 Pa•sxlo3 
119.5 142.9 24.771 91 
152.9 182.8 22.867 130 
89.5 107.0 28.066 60 
64.2 76.8 32.132 37 
158.0 188.9 21.563 136 
141.0 168.6 21.623 115 
88.9 106.3 28.243 59 
75.8 90.6 29.561 47 
Table 29. Viscometry for Ames Water Pollution 
influent 
Test no. 4 
% Solids =2.77 
Temperature = 21.0'C 
Tube diameter = 12.214 mm 
Tube length = 5091 mm 
Flow Flow 
Run P Volume Time "^ w 
mm H2O ml s N/mZ 
1 354 458 21.2 2.08 
2 290 445 27.4 1.70 
3 268 463 33.5 1.58 
4 238 431 37.3 1.40 
5 381 455 16.1 2.24 
6 396 461 16.4 2.33 
7 219 468 40.5 1.29 
8 247 480 32.4 1.45 
9 271 434 29.2 1.60 
10 274 455 30.9 1.61 
11 421 456 16.0 2.47 
n = 0.624 
K' = 0.100439 Pa-s" 
K = 0.092019 Pa-s" 
r = 0.980 
Control Plant anaerobic digester 
8v/D Yw lie Reg 
s-1 s-1 Pa-sxlO^ 
120.8 139.0 17.223 136 
90.8 104.5 18.763 92 
77.3 88.9 20.423 74 
64.6 74.3 21.652 57 
158.0 181.8 14.187 197 
157.2 180.9 14.834 195 
64.6 74.3 19.986 57 
82.8 95.3 17.537 81 
83.1 95.6 19.207 81 
82.3 94.7 19.605 80 
159.3 183.3 15.531 199 
Table 30. Viscometry for Ames Water Pollution Control Plant anaerobic digester 
effluent 
Test no. 1 
% Solids =1.26 
Temperature = 32.6'C 
Tube diameter = 12.214 mm 
Tube length = 5091 mm 
Flow Flow 
Yw Run P Volume Time ^w 8v/D He Reg 
mm H2O ml s N/m^ s-1 s-1 Pa-sxiO^ 
1 66 476 20.3 0.39 131.1 140.6 2.955 778 
2 77 464 16.3 0.45 159.2 170.8 2.840 987 
3 36 411 40.3 0.21 57.0 61.1 3.743 281 
4 48 413 29.5 0.28 78.3 84.0 3.597 414 
5 51 457 29.2 0.30 87.5 93.9 3.443 474 
6 81 458 16.1 0.48 159.1 170.6 2.999 986 
7 67 453 19.9 0.39 127.3 136.5 3.086 751 
8 77 460 17.2 0.45 149.5 160.4 3.010 914 
9 43 391 31.0 0.25 70.5 75.6 3.611 364 
10 86 460 16.1 0.51 159.7 171.3 3.166 991 
11 86 469 16.3 0.51 160.9 172.6 3.144 1000 
12 66 462 22.6 0.39 114.3 122.6 3.405 658 
n = 0.775 
K' = 0.009408 Pa-s" 
K = 0.008911 Pa-s" 
r = 0.991 
Table 31. Viscometry for Ames Water Pollution 
effluent 
Control Plant anaerobic digester 
Test no. 2 
% Solids =1.26 
Temperature = 25.4'C 
Tube diameter = 12.214 mm 
Tube length = 5091 mm 
Flow Flow 
Run P Volume Time ^w 8v/D Yw l^e Reg 
mm H2O ml s N/m2 s-1 s-l Pa * sxlo3 
1 73 461 19.9 0.43 129.5 139.7 3.295 724 
2 62 432 23.5 0.36 102.8 110.9 3.525 543 
3 58 458 27.1 0.34 94.5 102.0 3.606 489 
4 87 460 15.9 0.51 161.8 123.0 3.182 953 
5 82 456 17.0 0.48 150.0 161.8 3.229 868 
6 36 444 47.4 0.21 52.4 56.5 4.006 235 
7 43 434 39.2 0.25 61.9 66.8 4.085 290 
8 55 444 28.9 0.32 85.9 92.7 3.758 435 
9 57 443 26.8 0.34 92.4 99.7 3.648 476 
10 78 476 19.1 0.46 139.3 150.3 3.282 792 
11 86 455 15.6 0.51 163.1 176.0 3.112 963 
I n = 0.760 
I K' = 0,010720 Pa-s" 
i K = 0.010118 Pa-s* 
f r = 0.998 
I 
Î 
Table 32. Viscometry for Ames Water Pollution Control Plant anaerobic digester 
effluent 
Test no. 
% Solids = 4.50 
Temperature = 33.0'C 
Tube diameter = 12.214 mm 
Tube length = 5091 mm 
Flow 
Run p Volume 
mm H2O ml 
Flow 
Time 
s 
^w 
N/mf 
8v/D 
s-1 
Tw 
s-1 
^^ e 
Pa-sxiO^ 
1 405 440 44.2 2.38 55.7 72.9 42.790 
2 463 461 32.9 2.73 78.3 102.4 34.795 
3 524 474 27.9 3.08 95.0 124.3 32.474 
4 543 455 21.4 3.19 118.9 155.5 26.853 
5 648 484 17.5 3.82 154.6 202.2 24.703 
Re. 
24 
41 
56 
79 
119 
n = 0.448 
K' = 0.390995 Pa-s" 
K = 0.346677 Pa-s" 
r =0.988 
Table 33. Viscometry for Ames Water Pollution Control Plant anaerobic digester 
effluent 
Test no. 4 
% Solids =3.13 
Temperature = 20.9'C 
Tube diameter = 12.214 mm 
Tube length = 5091 mm 
Run P 
mm H2O 
Flow 
Volume 
ml 
Flow 
Time 
s 
T'W 
N/mZ 
8v/D 
s-1 
Yw 
s-1 
M^ e 
Pa-sxlo3 
Reg 
1 552 447 31.0 3.25 80.6 107.8 40.263 39 
2 439 399 47.9 2.58 46.6 62.3 55.450 16 
3 616 474 24.4 3.62 108.6 145.2 33.353 62 
4 695 448 17.7 4.09 141.5 189.2 28.894 94 
5 477 448 39.5 2.81 63.4 84.8 44.260 27 
6 494 452 35.1 2.91 72.0 96.3 40.352 33 
7 547 460 28.8 3.22 89.3 119.4 36.048 46 
8 576 469 24.9 3.39 105.3 140.8 32.186 59 
9 634 456 20.3 3.73 125.6 167.9 29.701 78 
10 482 456 35.9 2.83 71.0 94.9 39.899 32 
11 488 459 35.1 2.87 73.1 97.7 39.246 33 
n = 0.426 
K' = 0.480249 Pa-s" 
K = 0.424380 Pa-s" 
r = 0.974 
Table 34 . Heat exchanger data for water in outside tube and water in inside tube 
Run# 1234 56789 10 11 
Q ml/s 113 113 155 169 166 169 97.3 139 83.4 
OUTSIDE TUBE 
0 in •c 53.1 44.5 42.8 42.3 37.1 37.8 43.4 42.6 42.6 
®out  •c 40.5 39.4 36.9 35.6 30.2 32.1 32.4 35.2 35.4 
0) rad/s - 1.70 - - - - 2.41 1.48 2.25 
Me Pa-sxio® 579 632 659 670 745 725 683 671 669 
k  W/m- 'CxlO^ 640 634 631 630 623 625 629 630 630 
Re x lO-3 10.2 9.37 12.3 13.2 11.7 12.3 7.48 10.8 6.54 
Pr 3.78 4.17 4.37 4.45 5.00 4.85 4.54 4.45 4.44 
INSIDE TUBE 
®out  "C 32.8 35.9 31.7 29.1 22.9 26.3 24.8 28.2 31.4 
Gin •c 20.7 31.0 25.9 22.6 16.1 20.7 13.9 20.6 23.4 
CO rad/s - 12.4 - - - - 12.1 8.95 9.30 
Me Pa-s xio® 860 748 824 879 1020 928 1023 909 848 
k  w/m- 'CX103 613 622 616 611 602 608 602 609 614 
Re x lO-3 13.8 15.8 19.7 20.1 17.1 19.2 9.99 16.0 10.3 
Pr 5.86 5.03 5.59 6.01 7.08 6.38 7.10 6.24 5.77 
q w 5705 2310 3758 4578 4730 3963 4434 4287 2509 
AG •c 20.0 8.5 11.0 13.1 14.1 11.4 18.5 14.5 11.6 
u M/mZ-"C 2383 2270 2854 2920 2793 2904 2002 2470 1808 
^ tu 0.605 0.577 0.527 0.496 0.482 0.491 0.589 0.510 0.621 
e 0.377 0.366 0.345 0.332 0.325 0.329 0.371 0.338 0.383 
Table 35. Heat exchanger data for water in outside tube and 0.1% Methocel in inside 
tube 
Run# 1 2 3 4 5 6 7 8 9 10 11 
Q ml/s 147 151 155 158 108 119 123 118 121 77.4 78.3 
OUTSIDE TUBE 
Gin *C 42.7 44.1 42.2 49.8 42.2 43.9 42.8 45.1 46.4 40.9 40.2 
Gout "C 33.8 36.3 37.0 40.7 33.6 36.4 37.4 35.4 38.1 30.8 32.8 
(Ù rad/s - - - 1.59 - - - 1.59 1.57 2.96 
Pe Pa-s xio® 679 654 662 596 683 655 655 653 628 712 702 
k w/m- *CX103 630 632 631 638 629 632 632 632 634 626 627 
Re xlO-3 11.3 12.1 12.3 13.9 8.31 9.55 9.86 9.51 10.1 5.70 5.85 
Pr 4.51 4.33 4.39 3.90 4.54 4.33 4.33 4.32 4.14 4.75 4.68 
INSIDE TUBE 
Gin "C 14.9 20.8 25.6 22.3 18.4 22.7 27.4 17.5 23.0 14.2 20.2 
Gout *C 23.5 27.9 30.9 31.5 26.2 30.0 32.8 26.9 31.3 24.4 28.0 
(0 rad/s - - - 8.93 - - - 8.93 5.40 8.37 15.1 
Me Pa-s xio® 5264 4775 3990 4259 4897 4400 3647 4887 4237 5330 4905 
k w/m- "CX103 602 602 615 613 606 612 617 606 613 602 609 
Reg xlO-3 2.93 3.32 4.09 3.90 2.32 2.84 3.54 2.54 2.99 1.52 1.68 
Pr 36.6 33.2 27.1 29.0 33.8 30.1 24.7 33.7 28.0 37.0 33.7 
q w 5277 4478 3378 6021 3524 3637 2776 4648 4184 3266 2420 
A0 "C 19.0 15.8 11.3 18.3 15.6 13.8 10.0 18.0 15.1 16.5 12.4 
u W/m2--c 2320 2368 2498 2749 1887 2202 2319 2157 2315 1654 1630 
^tu 0.453 0.449 0.460 0.497 0.500 0.529 0.540 0.522 0.550 0.612 0.597 
e 0.312 0.310 0.315 0.332 0.333 0.346 0.351 0.343 0.355 0.380 0.374 
Table 36. Heat exchanger data for 0.1% Methocel in outside tube and water in inside 
tube 
Run# 123456789 10 11 
Q ml/s 145 145 110 111 61.8 61.4 
OUTSIDE TUBE 
Gin •c 38.6 42.6 41.1 41.6 45.6 45.6 
Gout "C 32.4 34.7 34.3 35.1 36.6 36.8 
co rad/s - 1.54 - 1.54 - 1.54 
Me Pa-sxio® 3014 2451 2703 2604 2220 2205 
k W/m- "CxlQ] 626 630 629 630 633 641 
Reg xlo-3 2.53 3.00 2.14 2.24 1.46 1.46 
Pr 20.1 16.9 21.3 17.3 14.7 14.4 
INSIDE TUBE 
Gin 'C 13.6 12.4 16.5 19.3 19.6 22.2 
Gout "C 19.8 20.5 23.6 26.1 29.3 31.2 
(0 rad/s - 8.57 - 8.57 - 8.57 
Pe Pa-sxio® 1089 1096 1006 944 908 861 
k w/m- 'CX103 598 597 603 607 609 613 
Re xlO-3 14.0 13.9 11.5 12.3 7.14 7.48 
Pr 7.61. 7.67 6.97 6.50 6.23 5.87 
q M 3763 4791 3129 3013 2324 2257 
AO "C 18.8 22.2 17.6 15.6 16.6 14.5 
u W/m2-"C 1672 1803 1485 1614 1170 1300 
Ntu 0.330 0.356 0.386 0.417 0.542 0.607 
e 0.248 0.263 0.278 0.294 0.351 0.378 
Table 37. Heat exchanger data for 0.25% Methocel in outside tube and 0.25% Methocel 
in inside tube 
Run# 12 34 5 67 8 9 10 11 
Q ml/s 96.5 96.6 99.0 96.1 98.7 101 99.6 
OUTSIDE TUBE 
Gin "C 40.2 .  38.5 48.0 47.0 40.0 44.0 43.3 
Gout 'C 33.3 33.1 40.0 40.2 33.4 37.0 37.6 
(Ù rad/s - 1.56 2.29 3.14 - 2.24 3.08 
Me Pa-sxio® 4195 4367 2874 2950 4200 3507 3518 
k  W/m- "CXIQ] 628 667 636 636 628 632 632 
Reg XlO-3 1.21 1.16 1.81 1.71 1.23 1.51 1.49 
Pr  27.9 27.4 18.9 19.4 28.0 23.2 23.3 
INSIDE TUBE 
Gin •c 13.1 18.7 19.9 23.6 14.2 18.8 23.2 
Gout •c 19.6 24.0 27.8 30.8 20.6 25.9 29.3 
co rad/s - 6.32 8.60 11.72 - 9.34 12.2 
Me Pa*sxlO® 8635 7023 6050 5245 8439 6625 5363 
k  W/m- 'CX103 597 605 609 613 599 606 612 
Reg x lO-3 1.17 1.44 1.72 1.92 1.23 1.60 1.95 
Pr  60.5 48.5 641.5 35.8 58.9 45.7 36.6 
q w 2623 2141 3269 2732 2641 2949 2373 
A0 •c 20.4 14.4 20.1 16.4 19.3 18.1 14.2 
u W/m2-"C 1074 1242 1359 1392 1143 1361 1396 
^tu 0.319 0.368 0.393 0.415 0.332 0.387 0.401 
e 0.242 0.269 0.282 0.293 0.249 0.279 0.286 
Table 38. Heat exchanger data for 0.5% Methocel in outside tube and 0.5% Methocel in 
inside tube 
Run# 123456789 10 11 
Q ml/s 65.3 63.1 63.4 63.1 65.8 63.1 65.2 63.9 
OUTSIDE TUBE 
Gin *C 46.9 45.7 39.2 41.7 38.6 44.2 46.1 44.2 
Gout •c 40.9 40.6 33.8 36.0 33.2 37.7 39.4 38.8 
Û) rad/s - 2.24 0.48 3.73 3.62 2.17 4.25 -
Me Pa-sxlO® 8643 9632 18071 15097 18748 12429 10101 11712 
k W/m- "CXIO^ 636 635 627 630 626 633 635 633 
RBg 397 344 184 219 184 266 339 286 
Pr 57 63 120 100 125 82 66 77 
INSIDE TUBE 
Gin "C 23.7 27.6 16.9 20.0 18.6 17.7 19.9 23.2 
Gout "C 29.7 32.9 22.1 25.6 23.9 24.4 26.6 28.7 
(Ù rad/s - 8.79 3.27 6,46 11.6 8.98 18.0 -
Me Pa-s xio® 23520 20130 30677 27455 28827 29174 26904 24322 
k w/m- "CXlO^ 613 618 602 607 605 604 608 612 
Reg 292 329 217 241 240 227 254 276 
Pr 160 136 213 189 199 202 185 166 
q w 1638 1345 1379 1477 1458 1714 1825 1441 
A0 •c 17.2 12.9 17.0 16.0 14.6 19.9 19.5 15.5 
u W/m2-"C 796 871 678 771 834 720 782 777 
^tu 0.349 0.395 0.306 0.350 0.363 0.327 0.344 0.348 
e 0.259 0.283 0.234 0.259 0.266 0.246 0.256 0.258 
Table 39. Heat exchanger data for ISU digester effluent in outside tube and ISU 
digester influent in inside tube 
Run# 12 3 4 5 67 8 9 10 11 
Q ml/s 43.2 
OUTSIDE TUBE 
Gin •c 41.3 
Gout *C 29.4 
CO rad/s 1.83 
Pe Pa-sxio® 2100 
k W/m- "CXIQ] 625 
RSg 1080 
Pr 14.04 
INSIDE TUBE 
Gin "C 13.1 
Gout "C 25.0 
(Û rad/s 13.0 
Pe Pa-s xlO® 6400 
k W/m- 'Cxl03 601 
Reg 709 
Pr 14.61 
q w 2148 
A0 *c 16.3 
u W/m2--C 1101 
Ntu 0.730 
e 0.422 
Table 40. Heat exchanger data for Ames Water Pollution Control Plant digester 
ef f luent  in  outs ide tube and Ames Water  Pol lu t ion Contro l  Plant  d igester  
in f luent  in  ins ide tube 
Run# 1 2 3 4 5 6 7 8 9 10 11 
Q ml /s  40.2 
OUTSIDE TUBE 
8in •c 34.3 
®out  •c 25.3 
CO rad/s -
Pa-sxlQG 3100 
k  W/m- "CXlO^ 617 
Re 681 
Pr  19.03 
8 in *C 12.8 
®out  *C 21.6 
(Ù rad/s -
Me Pa-sx io® 15100 
k  w/m- "CXIO^ 598 
Reg 280 
Pr  106 
q W 1480 
AG *C 12.6 
u  W/m2••C 981 
^ tu 0.698 
e 0.411 
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Table 41. Turbulent flow Nusselt number correlation data 
Outside tube Inside tube 
fluid = water fluid = water 
Run h Nu ReO.0 prO.3 h Nu rqO . 8 p]-0 
1 3026.0 80.1 2405 8388.8 115.9 3479 
2 2782.4 74.3 2309 8787.6 119.6 3716 
3 3526.6 94.6 2920 10798.8 148.4 4578 
4 3635.9 97.7 3097 10819.1 149.9 4750 
5 3500.4 95.1 2917 10170.2 143.0 4385 
6 3061.9 97.6 2995 10874.2 151.4 4648 
7 2545.6 68.5 1978 7023.8 98.8 2851 
8 3129.0 84 .1 2646 8747.2 121.6 4000 
9 2238.8 60.2 1765 6800.9 93.8 2750 
fluid = water fluid =0.1 % Methocel 
Run h Nu Re0.8pr0.3 h Nu ReO . 8 prO .3 
1 4024 .2 108.2 2756 4875.0 68.6 1747 
2 4053 .8 108.6 2868 5049.5 71.0 1875 
3 4064 .1 109.1 2919 5661.6 77 . 9 2085 
4 4669 .2 123.9 3110 5914.8 81.7 2050 
5 3204 .9 86.3 2151 4060.4 56.7 1415 
6 3678 .1 98.5 2372 4831.7 66.8 1610 
7 3706 .2 99.3 2432 5378.3 75 .1 1808 
8 3706 .1 99.3 2362 4580.6 64.0 1522 
9 3872 .7 103.4 2443 5070.5 70.0 1639 
fluid 0.1 % ] Methocel fluid = water 
Run h Nu RgO . 8 p j-O . 3 h Nu ReO.8 pj.0.3 
1 1818 .0 49.2 1298 10201.0 144.4 3813 
2 1992 .2 53.5 1412 10173.5 144.3 3800 
3 1618 .0 43.6 1155 8966.1 125.9 3171 
4 1753 .7 47.1 1125 9881.4 137.8 3287 
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Table 42. Comparison of effectiveness for concentric-tube 
heat exchanger in turbulent flow 
Effectiveness, E 
Length, m With Augers Conventional 
10 0.286 0.120 
20 0.444 0.214 
30 0.545 0.290 
40 0.615 0.352 
Table 43. Comparison of effectiveness for concentric-tube 
heat exchanger in laminar flow 
Effectiveness, e 
Length, m With Augers Conventional 
10 0.180 0.0152 
20 0.306 0.0300 
30 0.398 0.0444 
40 0.468 0.0583 
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CONCLUSIONS 
Heat transfer augmentation is achieved through use of 
augers in the flow passages of a concentric-tube counter flow 
heat exchanger. There are several apparent reasons for this 
augmentation, namely: 
1) flow is changed from straight to curved with 
resulting secondary flow, 
2) scraping action of the augers disrupts the 
boundary layer, and 
3) for given sizes of concentric tubes, augers 
reduce the flow passage cross-sectional area 
thereby increasing Re. 
Anaerobic digester influents and effluents are known to 
behave as pseudoplastic non-Newtonian fluids, although degree 
of pseudoplasticity may vary. Due to the range of 
pseudoplasticities involved, a heat exchanger of the type in 
this study may experience either laminar or turbulent flow. 
Test results show enhancement of heat transfer in both laminar 
and turbulent flow through use of augers. For laminar flow, 
the comparison of test data with hypothetical laminar flow in 
a conventional concentric-tube heat exchanger as shown in 
Table 43 is encouraging, showing an approximately 10 fold 
increase in effectiveness for moderate heat exchanger 
dimensions. In turbulent flow, a similar comparison, 
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presented in Table 42, shows increases in effectiveness of 
approximately 100 percent. 
Test data of this study and by others (Hagge, 1974) 
indicate that heat transfer augmentation is dependent on speed 
of auger rotation and that augmentation in laminar flow is 
probably more pronounced than in turbulent flow. A 
significant, and perhaps even the most significant, feature of 
the augers is in the prevention of heat transfer surface 
fouling through continued scraping action. The inevitable 
growth of a biological slime layer and subsequent increase in 
heat transfer resistance would seriously impair heat transfer 
effectiveness and require frequent heat exchanger cleaning in 
order to maintain desired performance. 
Interest in use of heat exchangers in anaerobic digestion 
depends on the value of energy in the form of heat in a given 
application. The heat saved by the heat exchanger is low-
grade and is perhaps best suited for space heating, a use in 
great demand by many confinement livestock systems and also 
possibly in municipal/industrial waste treatment facilities. 
Alter (1964) discusses importance of heat transfer in sewage 
treatment plants and suggests that reclaiming heat may be of 
significant importance in operation of sewage treatment plants 
in northern latitudes. 
Although the heat transfer results are encouraging, such 
augmentation comes at a price, namely increased pumping power. 
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Based on the relatively low Reynolds numbers involved in this 
study, and on the fact that flow passages could be enlarged to 
reduce flow velocities (and hence, pumping power) and still 
retain heat transfer augmentation from scraping and helical 
flow, this type of heat exchanger merits consideration for 
commercial use. For that reason additional work in this area 
is appropriate. 
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RECOMMENDATIONS FOR FUTURE RESEARCH 
Anaerobic digestion is a very effective method of 
stabilizing organic wastes, not only from the pollution 
control standpoint, but also because a by-product of the 
digestion process is a valuable, ready-to-use fuel. Prudent 
design and operation of anaerobic digesters should exploit 
this energy producing aspect. The following areas of energy 
related research could be pursued in future work: 
1) Develop a more precise physical model for heat 
transfer in helically coiled tubes of rectangular 
cross-section, 
2) Study, analytically and numerically, hydrodynamics and 
heat transfer in helically coiled tubes of rectangular 
cross-section. 
3) Study more closely the effect of auger rotation, 
including power requirements, on a heat exchanger of 
type similar to the one in this work. 
4) Analyze energy related to anaerobic digestion from 
standpoint of second law of thermodynamics. For 
instance, minimizing entropy production by minimizing 
temperature gap between heat source and end use 
(Bejan, 1982) suggests a detailed look at high 
temperature (thermophilic) digestion is in order. 
5) Apply second law principles to heat exchanger design. 
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The study of fluid flow and heat transfer in curved pipes 
is of interest to other disciplines, e.g., the study of blood 
flow in biomedical engineering. Mechanically aided heat 
transfer is part of the rapidly expanding field of heat 
transfer augmentation with many applications. Research in the 
above areas will thus no doubt be done in several different 
disciplines/ the opportunity for technology transfer appears 
likely. 
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APPENDIX A: RAW DATA 
Laboratory data for viscometry consist of viscometer tube 
dimensions, pressure readings and flow measurement. Flow 
measurements consist of flow volume and the time required to 
yield the measured volume. These data are included in test 
results, Tables 6 through 33. 
Laboratory data for heat exchange calculations consist of 
temperature, flow and auger rotational speed measurements. In 
the following data, 0i = 0c,out' ^2 = 8h,in, ^3 = 8h,out' ^4 = 
0c,in and T is the time required for a volumetrically measured 
flow of 15 liters. Temperatures were recorded at onset of 
test and recording continued until steady-state temperatures, 
within accuracy of measurement system, were reached. Auger 
speed is presented in terms of revolutions per second, e.g., 
60 revolutions in 30.4 seconds is presented as 60/30.4. 
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Test runs with water in outside tube and water in inside tube 
—Outside Tube inside Tiihft 
T Auger T Auger 
Run Sec Speed 0]^ 02 03 84 Sec Speed 
133.0 - 33.0 52.0 32.6 20.8 133 
32.6 52.4 36.8 20.6 
31.8 53.2 39.5 20.5 
31.8 53.3 39.8 20.6 
32.5 53.1 40.5 20.5 
32.8 53.1 40.3 20.7 
32.8 53.1 40.6 20.7 
Outside Tube Inside Tube 
Run 
T 
Sec 
133 
Auger 
Speed 
01/37.0 
01 0: 0T 0. 
T 
Sec 
35.2 43.3 38.3 30.6 133 
35.3 43.5 38.5 30.6 
35.5 43.9 38.8 30.8 
35.6 44.2 38.9 30.8 
35.9 44.5 39.2 30.9 
35.9 44.5 39.4 31.0 
35.8 44.5 39.3 31.0 
Auger 
Speed 
60/30.4 
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Outside Tube inside Tube 
T Auger T Auger 
Run Sec Speed 82 03 64 Sec Speed 
1 0 2 . 8  -  3 1 . 1  4 2 . 2  3 5 . 4  2 5 . 7  9 6 . 8  
9 3 . 8  3 1 . 4  4 2 . 6  3 6 . 6  2 5 . 8  
8 9 . 7  3 1 . 7  4 2 . 8  3 6 . 9  2 5 . 9  
3 1 . 7  4 2 . 8  3 6 . 9  2 5 . 9  
Outside Tube Inside Tube 
T Auger T Auger 
Run Sec Speed 82 83 84 Sec Speed 
8 6 . 1  -  2 8 . 4  3 9 . 6  3 3 . 9  2 2 . 3  8 9 . 0  
8 8 . 8  2 8 . 9  4 0 . 6  3 4 . 8  2 2 . 4  
2 9 . 1  4 1 . 7  3 5 . 0  2 2 . 4  
2 9 . 0  4 2 . 1  3 5 . 4  2 2 . 5  
2 9 . 1  4 2 . 1  3 5 . 4  2 2 . 5  
2 9 . 2  4 2 . 3  3 5 . 6  2 2 . 6  
2 9 . 1  4 2 . 3  3 5 . 7  2 2 . 6  
2 9 . 1  4 2 . 3  3 5 . 7  2 2 . 6  
2 9 . 1  4 2 . 3  3 5 . 6  2 2 . 6  
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Outside Tnhm Inside Tube 
T Auger T Auger 
Run Sec Speed 02 03 64 Sec Speed 
91.0 - 21.8 34.5 27.7 15.8 90.4 
89.0 22.2 35.6 28.8 15.9 
22.6 36.5 29.2 15.9 
22.7 36.8 29.8 16.0 
22.8 37.0 30.0 16.0 
22.8 37.1 30.1 16.1 
22.9 37.1 30.3 16.2 
Outside Tube ...Inside Tube 
T Auger T Auger 
Run Sec Speed 81 02 83 04 Sec Speed 
6 88.9 
-
25.9 37.2 31.4 89.4 — 
88.0 26.2 37.5 31.8 20.2 87.9 
26.2 37.6 31. 9 20.6 
26.3 37.7 32.0 20.7 
26.3 37.8 32.1 20.7 
26.3 37.8 21.1 20.8 
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Outside Tube Inside Tube. 
Run 
T 
Sec 
155.9 
Auger 
Speed 
15/39.1 
0 1 0 2 0 3 
c
d 
24 .4 43 .3 32 .1 13. 7 
24 .6 43 .4 32 .0 13. 7 
24 .9 43 .5 32 .3 13. 8 
25 .0 43 .5 31 .9 13. 8 
25 .0 43 .5 32 .0 13. 8 
25 .0 43 .5 32 .2 13. 8 
24 .9 43 .5 32 .3 13. 9 
24 .8 43 .4 32 .3 13. 9 
24 .8 43 .4 32 .4 13. 9 
24 .8 43 .4 32 .4 13 . 9 
24 .8 43 .4 32 .4 13. 9 
24 .8 43 .4 32 .4 13. 9 
24 .8 43 .4 32 .4 13. 9 
T 
Sec 
Auger 
Speed 
Outside Tube Inside Tube 
Run 
T 
Sec 
109.7 
2 8  . 1  
Auger 
Speed 
10/42.5 
10/42.4 
01 9c e-. 0/ 
T 
Sec 
Auger 
Speed 
28.1 42.7 35.2 20.4 108.7 60/42.0 
42.7 35.2 35.2 20.4 108.2 60/42.1 
28.1 42.7 35.2 20.4 
28.1 42.7 35.2 20.5 
28.1 42.6 35.2 20.6 
28.2 42.6 35.2 20.6 
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•Outside Tube Insids Tnhp 
Run 
T 
Sec 
178.3 
Auger 
Speed 
15/42.0 
15/1.8 
T 
Sec 
Auger 
Speed 
31.3 43.4 35.6 23.1 181.6 60/40.6 
31.4 43.3 35.6 23.2 
31.5 43.3 35.6 23.2 
31.6 43.2 35.7 23.4 
31.5 43.2 35.7 23.4 
31.6 43.2 35.7 23.4 
31.6 43.1 35.7 23.4 
31.6 43.1 35.7 23.4 
31.6 43.0 35.6 23.4 
31.6 42.9 35.6 23.4 
31.5 42.8 35.5 23.4 
31.5 42.7 35.5 23.4 
31.4 42.6 35.4 23.4 
60/40.5 
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Test runs with water in outside tube and 0 .1% Methocel in 
inside tube 
Outside Tube Inside Tube 
T Auger T Auger 
Run Sec Speed 81 0 2  83 8 4  Sec Speed 
1 103.4 23.6 42.6 33.3 14 . 8 102.8 — 
102. 6 23.4 42.8 33.7 14 . 8 102.4 
23.4 42.8 33.7 14 . 8 101.0 
23.4 42.9 33.8 14 . 9 100.8 
23.4 42 .8 33.8 14 . 9 
23.5 42.8 33.8 14 . 9 
23.5 42.7 33.8 14 . 9 
Outside Tiihfi ...Inside Tube 
T Auger T Auger 
Run Sec Speed 8% 02 63 04 Sec Speed 
102.3 - 27.1 44.4 35.9 19.3 99.0 
99.6 27.6 44.3 36.1 20.1 95.2 
101.0 27.8 44.3 36.2 20.5 
27.8 44.3 36,4 20.6 
27.9 44.2 36.4 20.8 
27.9 44.1 36.3 20.8 
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Outside Tube Inside Tnhm 
T Auger T Auger 
Run Sec Speed 82 03 64 Sec Speed 
99.6 - 30.6 41.6 35.9 25.6 95.0 
95.0 30.8 41.9 36.1 25.6 
30.8 42.1 36.5 25.6 
30.9 42.3 36.8 25.6 
30.9 42.3 36.9 25.6 
30.9 42.2 37.0 25.6 
Outside Tube Inside Tube 
Run 
T 
Sec 
94.6 
Auger 
Speed 
10/39.6 31. 4 49. 7 40 .3 22 .0 
31. 4 49. 9 40 .4 22 .1 
31. 5 50. 0 40 .6 22 .2 
31. 5 50. 0 40 .7 22 .2 
31. 6 49. 9 40 .7 22 .3 
31. 5 49. 8 40 .7 22 .3 
T 
Sec 
Auger 
Speed 
94.9 30/21 
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Outside Tuhm Inside Tube 
T Auger T Auger 
Run Sec Speed 82 63 64 Sec Speed 81 @ 8 8  
138.2 — 25.7 41.3 32.9 18.0 
144 .8 26.0 41.8 33.1 18.0 
26.1 41.9 33.3 18.1 
26.2 42.1 33.5 18.2 
26.3 42.2 33.6 18.2 
26.1 42.3 33.7 18.3 
26.0 42.3 33.5 18.3 
26.0 42.2 33.6 18.4 
26.2 42.2 33.6 18.4 
26.2 42.2 33.6 18.4 
Outside Tube Inside Tube 
Auger 
Speed 
T Auger T 
Run Sec Speed 8 1  02 8 3  8 4  Sec 
6 125.0 — 29.7 43.4 35.9 22.4 127.5 
29.6 43.4 36.0 22.5 125.0 
29.9 43.8 36.4 22.6 
30.0 43.9 36.4 22.7 
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Outside Tube Inside Tube 
T Auger T Auger 
Run Sec Speed 1—
1 C
D
 
@2 03 CD
 
Sec Speed 
7 123.0 — 32.9 42.88 37.0 26.6 120.9 — 
32.8 42.9 37.3 27 .0 
32.8 43.0 37.2 27.2 
32.9 43.0 37.5 27.3 
32.8 43.0 37.4 27.4 
32.7 42 . 9 37.4 27.4 
32.8 42.8 37.4 27.4 
32.8 42.8 37 .4 27 .4 
Outside Tube Inside Tube 
Run 
T 
Sec 
125.9 
Auger 
Speed 
10/39.6 
0 1 0 2 0 3 C
D
 
26 .1 44 .5 34 . 6 17 . 1 
26 .2 44 .8 34 .7 17 . 2 
26 .6 45 .0 35 .1 17 . 3 
26 .6 45 . 1 35 .2 17 . 3 
26 .7 45 .2 35 .4 17 . 4 
26 .7 45 .2 35 .4 17 . 4 
26 .8 45 .2 35 .4 17 . 4 
26 .9 45 .2 35 .4 17 . 5 
26 .9 45 .1 35 . 4 17 . 5 
T 
Sec 
Auger 
Speed 
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Outside Tube Inside Tube 
T Auger T Auger 
Run Sec Speed 02 83 64 Sec Speed 01  CD
 
w
 
0  
127.6 10/39.6 30.7 46.0 37.6 22.4 123.3 
124.0 30.7 46.0 37.5 22.4 125.0 
122.1 31.0 46.2 37.7 22.6 
31.1 46.4 37.8 22. 6 
31.1 46.4 37.8 22.6 
31.1 46.4 37.9 22.7 
31.2 46.6 38.0 22.8 
31.2 46.6 38.1 22.8 
31.2 46.5 38.1 22.9 
31.3 46.5 38.1 22.9 
31.3 46.4 38.1 23.0 
Outside Tube inside Tube 
T Auger T Auger 
Run Sec Speed 0^ 82 63 64 Sec Speed 
10 194.5 10/40.1 23.7 40.9 30.6 14.0 193.3 60/45.1 
60/44.9 
 1 0 2 0 3 
C
D
 
     
23 .7 41 .0 30 .8 14 . 0 
24 .7 41 .1 30 .3 14 . 2 
25 .2 41 .2 29 .8 14 . 2 
25 .1 41 .2 30 .2 14 . 2 
24 .8 41 .1 30 .4 14 . 2 
24 .8 41 .1 30 .5 14 . 2 
24 .7 41 .0 30 .5 14 . 2 
24 . 6 41 .0 30 .7 14 . 2 
24 . 4 40 .9 30 .8 14 . 2 
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OutRide Tube Inside Tube.. 
Run 
11 
T 
Sec 
192.1 
Auger 
Speed 
20/42.6 
20/42.2 
T 
Sec 
28 .0 40 .0 32 .4 19 .9 
28 .0 40 .1 32 .4 19 .9 
28 .0 40 .2 32 .6 20 .0 
28 .0 40 .3 32 .7 20 .0 
28 .0 40 .3 32 .7 20 .0 
28 .1 40 .2 32 .8 20 .1 
28 .1 40 .2 32 .8 20 .1 
28 .1 40 .3 32 .8 20 . 1 
28 .1 40 .2 32 .8 20 .1 
28 .0 40 .3 32 .8 20 .2 
28 .0 40 .2 32 .8 20 .2 
28 .0 40 .2 32 .8 20 .2 
Auger 
Speed 
60/25.0 
60/25.0 
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Test runs with 0.1 Methocel in outside tube and water in 
inside tube 
—Outside Tube THRT HP TnhP 
T Auger T Auger 
Run Sec Speed 02 83 64 Sec Speed 
103.0 - 19.5 38.2 32.0 13.5 104.0 
19.6 38.4 32.2 13.6 
19.6 38.4 32.3 13.6 
19.7 38.5 32.4 13.6 
19.7 38.6 32.4 13.6 
19.8 38.6 32.4 13.6 
19.8 38.6 32.4 13.6 
Ont side Tube Inside Tube 
Run 
T 
Sec 
103.0 
Auger 
Speed 81 02 0 3 04 
10/40.5 20.2 41.7 33 .9 12. 4 
10/41.0 20.2 41.9 34 .1 12. 4 
20.4 42.3 34 .4 12 . 4 
20.4 42.3 34 .4 12. 4 
20.4 42.4 34 .5 12 . 4 
20.4 42.5 34 .6 12. 4 
20.5 42.6 34 .7 12 . 4 
20.5 42.6 34 .7 12 . 4 
20.5 42 . 6 34 .7 12 . 4 
T 
Sec 
Auger 
Speed 
30/22.0 
30/22.0 
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Outside Tube inside Tube 
T Auger T Auger 
Run Sec Speed 02 63 04 Sec Speed 
135.0 - 23.3 40.8 34.0 16.1 137.0 
23.4 40.9 34.2 16.3 
23.4 40.9 34.4 16.4 
23.4 40.9 34.1 16.4 
23.4 40.9 34.2 16.4 
23.9 41.0 34.1 16.4 
23.5 41.1 34.2 16.4 
23.6 41.1 34.3 16.5 
Outside Tube Inside Tube 
Run 
T 
Sec 
135.1 
Auger 
Speed 
10/40.5 
10/41.0 
0 1 0 2 0 3 04 
25 .8 41 .1 34 .7 19. 2 
25 .9 41 .4 34 .9 19. 3 
25 .9 41 .4 35 .0 19. 3 
26 .0 41 .5 35 .0 19. 3 
26 .0 41 .4 35 .0 19. 3 
26 .0 41 .5 35 .0 19. 3 
26 .1 41 .5 35 .0 19. 3 
26 .1 41 .5 35 .0 19. 3 
26 .1 41 .6 35 . 1 19. 3 
26 .1 41 .6 35 . 1 19. 3 
T 
Sec 
Auger 
Speed 
30/21.9 
30/22.0 
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Outside Tube 
T Auger 
Run Sec Speed 
5 240.7 
Inside Tube 
T Auger 
01 ©2 83 84 Sec Speed 
29 .1 45. 4 35 .9 18. 9 
29 .1 45. 6 36 .0 19. 0 
29 .1 45. 6 36 .0 19. 2 
29 .3 45. 6 36 .3 19. 3 
29 .2 45. 6 36 .3 19. 3 
29 .2 45. 6 36 .4 19. 4 
29 .2 45. 6 36 .5 19. 5 
29 .3 45. 6 36 .5 19. 5 
29 .3 45 . 6 36 .6 19. 5 
29 .3 45. 6 36 .6 19. 6 
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Outside Tube 
Run 
T 
Sec 
245.0 
Auger 
Speed 
10/40.5 
10/41.0 
6l @2 03 84 
Inside Tube 
T Auger 
Sec Speed 
30.0 44.4 36.2 21. 7 244.0 60/44.2 
30.2 44.8 36.4 21. 8 30/21.9 
30.2 44 . 9 36.6 21. 9 30/22.0 
30.4 45.0 36.7 21. 9 
30.6 45.3 32.0 22. 1 
30.6 45.3 37.0 22. 1 
30.6 45.4 37.1 22. 1 
30.7 45.4 37.1 22 . 2 
30.8 45.5 37.2 22. 2 
31.2 45.5 37 .2 22 . 2 
31.2 45.5 36.8 22. 2 
31.2 45.5 36.8 22 . 2 
31.2 45.5 36.8 22 . 2 
31.2 45. 6 36.8 22 . 2 
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Test runs with 0.25% Methocel in outside tube and 0.25% 
Methocel in inside tube 
Outside Tube Inside Tube 
T Auger T Auger 
Run Sec Speed 62 63 84 Sec Speed 
155.9 
155.2 
0 1 0 2 0 3 
19 . 6 39 .5 32 .0 12 . 7 
19 .4 39 .6 32 .3 12. 7 
19 .4 39 .8 32 .5 12. 7 
19 .3 39 .8 32 .6 12 . 7 
19 .3 39 .8 32 .8 12 . 8 
19 .4 40 .0 33 .0 12. 8 
19 .4 40 .1 33 .1 12. 9 
19 .4 40 .1 33 .2 12 . 9 
19 .5 40 .1 33 .2 13. 0 
19 .5 40 .2 33 .2 13. 0 
19 .6 40 .2 33 .3 13. 0 
19 .6 40 .2 33 .3 13. 0 
19 .6 40 .2 33 .3 13. 1 
19 . 6 40 .2 33 .3 13. 1 
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Outside Tube 
T Auger 
Run Sec Speed 8l @2 C
O 
C
D
 
04 Sec 
2 156.2 10/40.2 23.8 38.1 32.8 18.6 154.9 
154 .5 23 9 38.3 32.8 18.6 155.4 
24.0 38.3 32.9 18.6 
24.0 38.4 33.0 18.6 
24.0 38.4 33.1 18.6 
24.0 38.4 33.0 18.6 
24.0 38.5 33.1 18.7 
24.0 38.5 33.1 18.7 
-Insids Tube,,... 
T Auger 
Speed 
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Outside Tube Inside Tnhe 
Run 
T 
Sec 
153.5 
Auger 
Speed 
15/40.9 
15/41.6 
01 8: 0. 0. 
T 
Sec 
Auger 
Speed 
27.8 48.1 39.9 19.8 150.6 60/43.9 
27.8 48.1 39.8 19.8 150.5 
27.8 48.0 39.8 19.8 
27.8 48.0 39.8 19.8 
27.8 48.0 39.9 19.8 
27.8 48.0 39.9 19.9 
27.8 48.0 40.0 19.9 
Outside Tube 
Run 
T 
Sec 
155. 9 
Auger 
Speed 0 1 02 03 04 Sec 
20/39.7 30 .7 46.9 40.2 23. 4 155.6 
20/40.4 30 .9 46.9 40.2 23. 4 156.8 
30 .8 47.0 40.2 23. 5 
30 .8 47.0 40.3 23 . 5 
30 .8 47.0 40.3 23. 0 
30 .8 47.0 40.3 23. 6 
30 .8 47.0 40.3 23. 6 
30 .8 47.0 40.3 23. 6 
30 .8 47.0 40.3 23. 6 
30 .8 47.0 40.2 23. 6 
Inside Tube 
T Auger 
Speed 
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Outsidp Tiihp 
T Auger 
Run Sec Speed 
5 151.1 
Inside Tnhe_ 
T Auger 
01 02 03 84 Sec Speed 
20 .8 39 .6 32 . 6 14 .1 
20 .8 39 .7 32 .8 14 . 1 
20 .8 39 .8 32 .9 14 .1 
20 .8 39 . 9 33 .0 14 . 1 
20 .7 40 .0 33 .2 14 .2 
20 .1 40 .0 33 .3 14 .1 
20 .7 40 .0 33 .3 14 .2 
20 .6 40 .0 33 .3 14 .2 
20 .6 40 .0 33 .4 14 .2 
20 .6 40 .0 33 .4 14 .2 
20 .6 40 .0 33 .4 14 .2 
20 .6 40 .0 33 .4 14 .2 
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Ont:sida Tnhp Inside Tube 
Run 
T 
Sec 
148.6 
Auger 
Speed 
20/56.5 
15/41.8 
01 0- 0. 6/ 
T 
Sec 
Auger 
Speed 
26.7 43.9 36.9 18.6 148.8 60/40.4 
25.7 43.9 36.9 18.6 148.9 60/40.3 
25.7 43.8 35.9 18.7 
25.8 43.8 36.9 18.7 
25.8 43.9 37.0 18.7 
25.8 43.9 37.0 18.8 
25.8 43.9 37.0 18.8 
25.8 43.9 37.0 18.8 
25.9 44.0 37.0 18.8 
150 
Outside Tube Inside Tnhe 
Run 
T 
Sec 
150.9 
Auger 
Speed 
T 
Sec 
Auger 
Speed 
15/30 .4 29 .2 43 .2 37. 6 23 .0 
20/40 .7 29 .2 43 .2 37 . 6 23 .1 
20/41 .0 29 .3 43 .2 37. 6 23 .2 
15/30 .7 29 .3 43 .2 37. 6 23 .2 
29 .3 43 .2 37. 6 23 .2 
29 .3 43 .2 37. 6 23 .2 
29 .3 43 .2 37. 6 23 .2 
29 .3 43 .3 37. 6 23 .2 
29 .3 43 .3 37. 6 23 .2 
29 .3 43 .3 37. 6 23 .2 
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Test runs with 0.5% Methocel in outside tube and 0.5% Methocel 
in inside tube 
Ont,Ride Tube inside TnhP 
T Auger T Auger 
Run Sec Speed 02 63 84 Sec Speed 
1 229.7 - 29.1 46.1 41.2 23.2 229.6 
29.4 46.5 40.5 23.5 
29.4 46.6 40.6 23.5 
29.6 46.7 40.7 23.6 
29.6 46.8 40.8 23.6 
29.7 46.9 40.9 23.7 
29.7 47.0 41.0 23.8 
Outside Tube inside Tube 
T Auger T Auger 
Run Sec Speed G2 63 G4 Sec Speed 
235.2 10/28.0 31.9 44.2 39.2 27.5 243.3 60/42.8 
238.5 32.5 44.8 40.0 27.6 233.8 30/21.5 
32.7 45.1 40.3 27.7 
32.7 45.2 40.3 27.7 
32.8 45.3 40.4 27.6 
32.8 45.4 40.4 27.7 
32.8 45.5 40.5 27.6 
32.9 45.7 40.6 27.6 
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Out:side Tube Inside Tubft. 
Run 
T 
Sea 
235.1 
Auger 
Speed 
6/139.0 
01 8c 8. 0, 
T 
Sec 
Auger 
Speed 
21.9 37.1 33.3 16.6 237.8 30/57.7 
21.9 38.2 33.9 16.8 
21.9 38.8 33.9 16.8 
22.0 39.0 33.8 16.8 
22.0 39.2 33.8 16.9 
22.1 39.2 33.8 16.9 
Outside Tube Inside Tube 
Run 
T 
Sec 
239.9 
Auger 
Speed 
10/16.9 
20/33.7 
25. 2 41. 5 35 . 9 19 .5 
25. 3 41. 5 36 .0 19 .7 
25. 4 41. 5 3. 60 19 .7 
25. 4 41. 5 36 .0 19 .8 
25. 6 41. 6 36 .0 20 .0 
25. 6 41. 6 35 . 9 20 .0 
25. 6 41. 7 36 .0 20 .0 
25. 6 41. 7 36 .0 20 .0 
T 
Sec 
Auger 
Speed 
30/29.2 
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Outside Tub.fi_ Inside TnbP 
Run 
T 
Sec 
213.0 
Auger 
Speed 
15/26.1 
15/26.0 
0 1 0 2 0 3 C
D 
23 .6 36 .0 32 .0 18. 4 
23 .7 36 .4 32 .6 18. 5 
23 .7 36 .5 32 .6 18. 5 
32 .8 38 .1 32 .7 18. 6 
23 .8 38 .3 32 .8 18. 6 
23 .9 38 .5 33 .0 18. 6 
23 .9 38 .5 33 .0 18. 6 
23 .9 38 .5 33 .1 18. 6 
23 .9 38 .6 33 .2 18. 6 
T 
Sec 
Auger 
Speed 
•Outside Tube Inside Tube 
Run 
T 
Sec 
238.2 
Auger 
Speed 
10/28.9 
0 1 0 2 0 3 
CD 
24 .1 41 .9 37 .4 17 . 6 
24 .2 42 .3 37 .4 17 . 6 
24 .1 43 .9 37 .3 17 . 7 
24 .1 43 .9 32 .4 17. 7 
24 .1 44 .0 37 .4 17 . 7 
24 .1 44 .0 37 .4 17 . 7 
24 .1 44 .1 37 .5 17 . 7 
24 ,1 44 .2 37 .5 17 . 7 
24 .4 44 .2 37 . 6 17 . 7 
T 
Sec 
Auger 
Speed 
154 
Outside Tube Inside Tube 
Run 
T 
Sec 
231.4 
Auger 
Speed 
20/29.4 
15/22.3 
0: 8, 
26. 4 45 .7 39. 0 19. 5 
26. 4 45 .7 39. 1 19. 6 
26. 5 45 .8 39. 1 19. 7 
26. 5 45 .8 39. 2 19. 8 
26. 6 46 .0 39. 3 19. 8 
26. 6 46 .0 39. 2 19. 9 
26. 6 46 .1 39. 2 19. 9 
26. 6 46 .1 39. 4 19. 9 
T 
Sec 
Auger 
Speed 
60/21.0 
Outside Tube inside Tube 
T Auger T Auger 
Run Sec Speed 02 03 84 Sec Speed 
236 - 28.1 43.5 38.4 22.8 233,8 
0 1  2  3 C
D 
    
38 .3 43 .5 38 .4 22. 9 
28 .5 43 .6 38 .3 23. 0 
28 .5 43 .6 38 .3 23. 0 
28 .5 43 .6 38 .2 23. 1 
28 .6 43 .9 38 .4 23. 1 
28 .7 44 .0 38 .7 23. 2 
28 .7 44 .1 38 .7 23. 2 
28 .7 44 .2 38 .7 23. 2 
28 .7 44 .2 38 .8 23. 2 
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Test run with ISU digester effluent in outside tube and ISU 
digester influent in inside tube 
Run 
Ont side Tube 
T 
Sec 
Auger 
Speed 
336.3 
347 .4 
Inside Tube 
e, 0/ 
T 
Sec 
Auger 
Speed 
10/33 .9 25 .1 41 .8 29. 3 12 .8 
10/34 .0 25 .2 41 .8 29. 3 12 .8 
10/34 .6 25 .2 41 .8 29. 5 12 .9 
10/34 .6 25 .4 41 .6 29. 4 12 . 9 
10/34 .7 25 .4 41 .6 29. 4 13 .0 
25 .4 41 .6 28. 8 13 .0 
25 .1 41 .4 29. 5 13 . 1 
25 .0 41 .4 29. 5 13 .1 
25 .0 41 .3 29. 4 13 .1 
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Test run with Ames Water Pollution Control Plant digester 
effluent in outside tube and Ames Water Pollution Control 
Plant digester influent in inside tube 
Outside Tube Inside Tube 
T Auger T Auger 
Run Sec Speed 02 83 04 Sec Speed 
378.0 
0 1  2 0 3 C
D 
21 .4 34 .0 24 .8 13. 1 
21 .4 34 .6 25 .1 13. 1 
22 .2 35 .4 25 .1 13. 1 
22 .2 35 .4 25 .5 13. 1 
22 .3 35 .4 25 .8 13. 1 
23 .4 35 .4 25 .5 13. 0 
23 .2 35 .4 25 .9 13. 0 
22 .7 35 .2 25 .7 13. 0 
22 .0 35 .1 25 .7 12. 9 
21 .9 34 9 25 .6 12. 9 
21 .6 34 .8 25 .6 12 . 8 
21 .7 34 .7 25 .4 12. 8 
21 .7 34 . 6 25 .4 12. 8 
21 .6 34 .5 25 .3 12. 8 
21 . 6 34 .3 25 .3 12. 8 
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Weights of Methocel powder used in preparation of 
Methocel solutions was not recorded. Solutions were prepared 
by weighing the dry powder on an analytical balance and mixing 
with known volume of water. Solution strengths are approxi­
mate only; precise knowledge of solution strengths is not 
necessary in this study. 
Percent total solids in the anaerobic digester influents 
and effluents was determined in accordance with procedures in 
Standard Methods for the Examination of Water and Wastewater 
(16th ed. American Public Health Association, Washington, 
D.C.) . Data collected for determination of percent total 
solids follows. 
ISU anaerobic digester influent 
weight,g 
dish 22.5522 16.5932 
dish and liquid 44.3648 43.2452 
dish and residue 23.3420 17.6593 
percent solids 3.62 4.00 
cumulative percent solids 3.83 
dish 28.8982 21.9792 
dish and liquid 60.5424 21.9792 
dish and residue 29.7937 22.5062 
percent solids 2.83 2.70 
cumulative percent solids 2.78 
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ISU anaerobic digester effluent 
weight,g 
dish 
dish and residue 
percent solids 
dish 
dish and liquid 
dish and residue 
percent solids 
cumulative percent solids 
21.9801 
22.5634 
2.84 
11.1510 24.8645 
22.8103 52.8268 
11.5687 26.0515 
3.58 4.25 
4.05 
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Ames Water Pollution Control Plant anaerobic digester influent 
weight,g 
dish 
dish and liquid 
dish and residue 
percent solids 
cumulative percent solids 
dish 
dish and liquid 
dish and residue 
percent solids 
cumulative percent solids 
dish 
dish and liquid 
dish and residue 
percent solids 
cumulative percent solids 
15.8967 28.8976 
31.9706 69.1053 
16.4571 30.3080 
3.49 3.51 
3.50 
24.8648 15.9026 
50.9042 29.1269 
25.7041 16.3260 
3.22 3.20 
3.22 
23.7079 11.0178 
33.4767 25.5337 
23.9919 11.4076 
2.91 2.69 
2.77 
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Ames Water Pollution Control Plant anaerobic digester effluent 
weight,g 
dish 23 .7086 16 .2715 11 .0193 
dish and liquid 37 .4156 26 .5185 22 .7704 
dish and residue 23 .8802 16 .3995 11 .1709 
percent solids 1 .25 1 .25 1 .29 
cumulative percent solids 1 .26 
dish 16 .5921 11 . 1538 16 .2704 
dish and liquid 31 .4420 20 .3606 30 .8988 
dish and residue 17 .2498 11 .5709 16 .9360 
percent solids 4 .43 4 .53 4 . 55 
cumulative percent solids 4 .50 
dish 22 .5537 18 .4619 
dish and liquid 42 .3085 39 .0291 
dish and residue 23 . 1649 19 .1120 
percent solids 3 .09 3 .16 
cumulative percent solids 3 .13 
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APPENDIX B: ANALYTICAL SUPPORT 
Relationship Between Velocity Gradient, dv/dy, 
and Strain Rate, y 
Newtonian Fluids are defined as those exhibiting direct 
proportionality between shear stress and velocity gradient, 
i.e.. 
'Cyx = II (-dv/dy) . 
Consider a Newtonian fluid between two flat plates 
separated by distance dy as in the sketch below 
(B.l) 
dy 
-> dv 
Tdv 
A force F will result in shear Ty^ acting over plate area 
A and will impart a velocity dv to the top plate relative to 
the bottom plate. With the assumption of zero slip at 
boundaries, the fluid velocity distribution will be as shown 
and the distance traveled by the fluid on the top plate in time 
T will be Tdv. The deformation at the fluid is measured by the 
angle y, and by analogy with deformations in solids, may be 
called strain. For small y 
-y = T(dv/dy) (B.2) 
The rate of stain is therefore 
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-y = T(dv/dy) (B.2) 
The rate of stain is therefore 
or 
and we can write 
-dy/dT = dv/dy 
Y = dv/dy 
tyx = M-Y . (B.3) 
Relationship Between Q and T„ for 
Laminar Flow of Time-Independent Fluids 
in a Cylindrical Tube 
Consider the tube sketched below. 
Pi 
Pi 
ro — P2 
--flow -> 
<— P2 
For steady flow, 
T:„7CDL= (pi-p2) 7I:D2/4 
or 
t„ = DAp/4L (B.4) 
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Similarly, at any value of r 
Xj.^n2rL = (Pi-P2)îtr2 
or 
i;cx = rAp/2L . (B.5) 
Combining above expressions for shear gives ' 
Trx = twr/ro (B.6) 
and we note that there is a linear distribution of shear stress 
in the fluid, from zero at centerline to X„ at the wall. 
The expression for volumetric flowrate through a 
differential annulus between r and r+dr is 
dQ = v2%rdr 
where v is the velocity at r. 
Integrating yields 
Q = 7t I 2vrdr 
J 0 
or 
_ Q = 71 j vd(r2) 
J 0 
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and integrating, 
ro^ rrof 
Q = 7C{ [vr^] - I r^dv} (B.7) 
o J o 
On the assumption of zero slip between between fluid and 
wall, the term vr^ is eliminated and for laminar flow of a 
time-independent fluid, 
dv = -f (Tj.) dr 
From equation (B.6) 
r2 = ro2 
and 
dr = (ro/T:„)dXj.x • 
Substituting into equation (B.7) yields 
Q = 7C I ro^I£2L_ f (Xrx) —°dx It Ç 2_EL 
J rx'  ^"rx X 
or 
7C r\ 
Q = — 1 Tj-jj f(^rx)dX2x • (B.8) 
X„3 8j 
0 
Equation (B.8) may be solved by inserting the appropriate 
function for Xj-x where f (Xj-x) = -dv/dr 
In the case of Newtonian flow, x^.^ = (dv/dr) , and f (Xj.^) 
= Xrx/P 
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J 0 
Q = 7tD3/8X„3|l| Wdtrx (B.9) 
Q = 7tD3x„/32lI . (B.IO) 
Substituting (%D2/4)v for Q gives 
T„ = ll(8v/D) (B.ll) 
and replacing x„ by DAp/4L from equation (B.4) gives 
DAp/4L = li(8v/D) . (B.12) 
Relationship Between Velocity Gradient 
and Bv/D for Power-law Fluids 
Rearranging equation (B.B) 
80 
} ^ 
and differentiating with respect to x„ using Leibnitz' rule 
(recall f (X^x) = -dv/dr) 
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3,_8Q_ , Vd(8Q^) . . 
7CD3 d(t„) 
Replacing t:„ by DAp/4L and Q by (7ID2/4)v 
Rearranging (B.13) 
8v 4.8V. d[ (1/4) (8V/D)]/(8V/D) 
D D d[(DAp/4L)]/DAp/4L 
3 ^  1 _ d(log 8v/D) 
_ T T d(log DAp/4L J 
n is defined as the slope of the curve of logDAp/4L vs 
log 8v/D so 
-(dv/dr)„ = Y„ = 8v/D(3/4+l/4n) = 8v/D(3n+l)/4n) . (B.14) 
Relationship Between K and K' for Power-law Fluids 
For a power-law fluid, 
Trx = K(?)n 
and 
-(dv/dr)„ = |_ • 
or 
-(dv/dr)„ = • 
D 
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t„ = K(Y)S 
Also, since logx„/log (8v/d) " = constant, and the equation 
used to express this is t„ = K'(8v/D)", then 
K(7)„" = K' (8v/D)n 
and from equation (B.14) 
K[(8v/D)(3n+l/4n)]n = (Sv/D)" 
or K' = K(3n+l/4n)n (B.15) 
Derivation of Nusselt Number for 
Circular Tube Laminar Flow of 
Power Law Fluids with Constant Heat Flux 
On the assumption of hydrodynamically and thermally fully 
developed laminar flow of an incompressible constant-property 
power-law fluid, the Nusselt number may be theoretically 
determined by solving the energy equation and combining it with 
Newton's law of cooling and with an expression for the mean 
temperature (6^). Solution of the energy equation requires 
that an expression for velocity be known. The necessary 
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equations are 
Momentum: d (rXj-^)/dr = r(dp/dx) (B.16) 
Energy: [d(rd8/dr)/dr]/r = (v/a){d0/dx) (B.17) 
2 fr 
Mean Velocity: v^, = — I ° vr dr (B.18) 
2 
Mean Temperature: 8^ = .1 ° v0r dr (B.19) J ( 
o 
Newton's Law of Cooling: q = hA{0„ - 0^,) . (B.20) 
Solutions to the above equations are 
Momentum: = K(dv/dr)" 
d [r (dv/dr) "]/dr = (r/K) (dp/dx) 
employing boundary conditions of v at r=ro equals 0 and 
dv/dr at r=0 equals 0 yields 
V = -(n/n+1) (l/2Ki/n) - r^n+i/" • (dp/dx) i/" [1-(r/r^) 
The velocity can be expressed in terms of mean velocity by 
solving the mean velocity equation 
Vm = 2/ro2 [-n/n + 1 • 1/(2K) (dp/dx) I/"]-
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/: [r - (r(2n+l)/n/r (n+D/n) ]dr 
Vjn = (dp/dx) 1/" [- (ro"+i/"/2Ki/") (n/ (n+1) ] [ (n+1) / (3n+l ) ] 
V = Vj-[ (3n+l) / (n+1) ] [1- (r/r^) c+D/n] 
Inserting the above expression in the energy equation and 
noting that for constant heat flux d0/dx = dG^/dx, the energy 
equation is 
1 d(rd0/dr) _ v^ 3n+l _ d8 
r dr a  n + r  "  -  ( - / - o ) g J  •  
Employing boundary conditions of finite temperature at r=0 
and 0 at r=ro equals 0„ yields 
0 = 0 'm 
3n+l d0 m 
w 
a n+1 dx 
"3 3;3n+i/n 
- + 
16 4 r3n+l "Pr^n+i/n WJ""' 
Now, we know that heat transferred per unit area by the 
rate equation equals that in Newton's law of cooling, i.e.. 
q" = -k(d0/dr) at r=ro = h(0„-0in) . (B.21) 
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Solving for d0/dr and 8^-8^ gives 
d0 
dr 
-V, m 
a 
3n+l 
n+1 
de m 
dx 
-2n+l/n 
^3n+l j Co'" +l)/n 
(B.22) 
8w - 8m = 
2vm pn+1 Y d8m 
a dx 
32 ^3n+1 J j 16 ^ 3n+l j 4 ^5n+i j 2 ^ 3n+l J 
(B.23) 
From Equations B.21, B.22, and B.23, we can write 
fSJ 
1 
+ 
n' 
.32 (3n+l)2 (5n+l ) 
3n n n-
16(3n+l) 4(5n+l) 2(3n+l)3. 
k 
2 
Solving this for h2ro/k yields 
hD 8(15n3 + 23n2 + 9n + 1) 
= Nu = . (B.24) 
k 31n3 + 43n2 + 13n + 1 
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Heat Exchanger Flow Passage Length to 
Diameter Ratio 
Outside flow passage 
auger pitch = 38.1 mm (1 1/2 inch) 
radius to centroid of flow area = 19.1 mm (3/4 inch) 
axial length of flow passage = 1.5 m 
flow passage hydraulic diameter = 16.9 mm 
revolutions required to yield 1.5 m = 39.37 = 247.3 rad 
Actual length of flow passage measured at centroid of flow 
area = S 
247.4 
0 
a = 19.1 mm 
b = 38.1/2% 
Substituting values yields 
r247.4 
S = I [(19.1)2 + (38.1/27C)2]1/2 dp 
J 0 
S = 19.99(247.4) = 4.952 m 
Flow length to diameter ratio =2 92 . 
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Inside flow passage 
auger pitch = (3/4 in) 
radius to centroid of flow area = 9.5 mm (3/8 in) 
axial length of flow passage = 1.5 m 
flow passage hydraulic diameter = 8.5 mm 
revolutions required to yield 1.5 m = 78.74 = 4 94.7 rad 
a = 9.5 mm 
b = 19.1/2% 
r494.7 
S = [9.52 + 19.1/27t)2]l/2dp 
J 0 
S = 9/99(494.7) = 4.945 m 
Flow length to diameter ratio = 584 
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APPENDIX C: UNCERTAINTY ANALYSIS 
The difference between true value an measured value of a 
quantity is called error. Uncertainty is what one thinks the 
error of a given measurement might be and this uncertainty may 
vary considerably depending on particular circumstances of a 
measurement. 
For example, the uncertainty of a given measured pressure 
value of 500 N/m^ may be 5 N/m^ at 20 to 1 odds. Other, more 
precise, measurement techniques may result in lower 
uncertainty, better odds or both. In symbolic form this can 
be expressed as m ± w, (b to 1). This expression means that 
the experimenter believed the best value for a measurement is 
m and is willing to wager b to 1 that the error is less 
than w. 
For a quantity which is a function of several of several 
variables and which is measured in a single-sample experiment 
Kline and McClintock (1953) present a method for determining 
uncertainty. If R is a function of a, b, c, ... and w is the 
uncertainty, then wr2 _ (3R/3a)2 + (9R/9b) ^Wy2 + 
(3R/3c) Zw^Z + . . . . The odds for Wj^ will be the same as those 
for the independent variables. 
The measurement of primary interest in this work is heat 
exchanger effectiveness, e. A typical test run (no. 3, 
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Table 3 6) is analyzed by the method of Kline and McClintock 
and the resulting uncertainty is representative of all test 
runs . 
E = Ntu/{1+Ntu) and N^u = UA/mc so £ = UA/(mc+UA) . 
Uncertainties for U, A and mc must be known; note that A and 
mc are measured quantities but U is function of several 
variables (U = mcA0/ (AASi^) ) . In tabular form, uncertainties 
and odds for measured variables are estimated at 
variable variable value uncertainty.w odds 
m,kg/S 0.1101 0.010 20 to 1 
mc, J/kg-'C 460.2 41.8 20 to 1 
A,m2 0.1197 0.003 20 to 1 
0, 'C - 0.5 20 to 1 
Using Kline and McClintock's expression for determining 
uncertainties of A0, U and finally E gives the following: 
variable variable value uncertainty,w odds 
A0, "C 6.8 0.707 20 to 1 
AGijn, "C 17.6 0.707 20 to 1 
U,W/m2--C 1485 217 20 to 1 
E 0.278 0.035 20 to 1 
Values of effectiveness presented in tables 35 through 40 
are thus believed to be a best estimate as expressed by E ± 
0.035, (20 to 1) . 
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A second key measurement is effective viscosity, |IQ . 
M-e - ^ ^/(Sv/D) and this can be rearranged into }lg = D''Ap/128QL. 
Using Kline and McClintock's methods on a typical test run 
(no. 1, Table 12) with the following uncertainties and odds 
for the measured variables gives an estimate at the 
uncertainty in reported values. 
variable 
D, m 
Ap, N/m2 
Q, m3/s 
L, m 
variable value 
7.9x10-3 
3560 
8.0x10-6 
5187 
uncertaintyrw 
1X10-4 
30 
1X10-8 
3X10-4 
odds 
20 to 1 
20 to 1 
20 to 1 
20 to 1 
Values of effective viscosity presented in Tables 6 
through 29 are believed to best expressed according to 
|le ± 3X10-4, (20 to 1) . 
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APPENDIX D: CALIBRATION 
Viscometry 
1/4 inch tube 
Length of tube from pressure tap to outlet = 5.187 m 
Tube diameter calculated by measuring volume of water 
required to fill the tube (total tube length = 6.101 m) 
D = A/4 (volume)/k-L 
Run Vol./ml 
1 299.0 
2 298.0 
3 297.0 
4 295.6 
average volume = 297.4 ml 
D = 7.9 mm 
3/8 inch tube 
Length of tube from pressure tap to outlet = 5.091 m 
Tube diameter calculated by measuring volume of water 
required to fill the tube (total tube length = 6.413 m) 
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Run Vol•/ml 
1 753.0 
2 750.0 
3 751.0 
average volume = 751.3 ml 
D = 12.2 mm 
1/2 inch tube 
Length of tube from pressure tap to outlet = 13.97 6 ft 
Tube diameter calculated by measuring volume of water in 
incremental lengths the tube. Incremental lengths were 
determined by recording elevations of water surface in a tygon 
tube which was plumbed into the bottom, and secured alongside, 
the vertical PVC pipe. The water drained from the pipes for 
each incremental length was collected and volume was measured 
with correction for tygon tube volume. From incremental 
lengths and volumes, PVC tube diameters were calculated. 
Tygon tube diameter (measured volumetrically) = 4.8 mm 
AL = PVC tube incremental length, mm 
AV = PVC tube incremental volume, mm^ 
D = PVC tube diameter, mm 
D = [4 (AV)/7I(AL) ) 
D corrected for tygon tube = 
1.1284 [(AV - 18.2118 AL)/AL]i/2 
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Twenty different increments were used over the entire 
length of pipe and the mean diameter of the twenty readings 
was 15.5 mm with standard deviation of 0.0025 
Temperature Measurement 
Heat exchanger fluid temperatures were measured by 
copper-constantan thermocouples with 304 stainless steel 
sheath (Omega model no. TJ36-CPSS-18G-4) and digital thermo­
meter (Omega model no. 410B). Omega specifications show a 
resolution of 0.1 "C and accuracy of 0.5 *C. The four thermo­
couples used were inserted in a water bath of varying steady-
state temperatures to insure that all were reading uniformly. 
Test results are the following 
Temperature reading. •c 
'Test Run TC#1 TC#2 TC#3 Tn#4 
1 43.4 43.5 43 .4 43.3 
2 8.2 8.1 8 .2 8.0 
3 8.3 8.2 8 .3 8.2 
4 40.2 40.4 40 .2 40.3 
5 33.7 33.9 33 .7 33.7 
6 30.8 30.9 30 .8 30.7 
7 30.3 30.4 30 .2 30.1 
8 24 .3 24.4 24 .3 24.3 
9 24 .0 24 .0 23 .9 24 .0 
10 23.6 23.6 23 .7 23.6 
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Temperature measured for viscometry were made with a 
Fisher glass thermometer; the values were accepted with no 
calibration. 
Liquid Flow Rate Measurement 
Flow rates in viscometry were determined by capturing a 
volume of test liquid during a run in a graduated cylinder 
over a time period measured by a stopwatch. Graduated 
cylinder volumes were accepted with no calibration. 
Flow rates in heat exchange measurements were determined 
by capturing a volume of the test liquid during a run in a 
large pail on which a line at the 15 liter volume was marked. 
The line was established by introducing a known volume of 15 
liters of water to the pail and marking the liquid surface 
line on the pail. The known volume of 15 liters was obtained 
by volume measurement using a graduated cylinder. 
